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Abbreviations 

2D-LC-HRMS/MS: two-dimensional 

liquid chromatography coupled to 

quadrupole-Orbitrap mass spectrometry 

2VO: permanent, bilateral occlusion of the 

common carotid arteries (“two‐vessel 

occlusion”) 

4-HNE: 4-hydroxynonenal 

5-HTR: serotonin receptor 

AADC: aromatic-L-amino acid 

decarboxylase 

aCSF: artificial cerebrospinal fluid 

AD: Alzheimer’s disease 

ADR: alpha-to-delta ratio 

ANOVA: analysis of variance 

ATP: adenosine triphosphate 

AUC: area under the curve 

BPM: beat per minute 

BSA: bovine serum albumin 

CBF: cerebral blood flow 

CC3: cleaved caspase-3 

CL: contralateral; 

COX-2: cyclooxygenase-2 

DAB: diaminobenzidine 

DC: direct current 

DG: dentate gyrus 

DMSO: dimethyl sulfoxide 

DMT: N,N-dimethyltryptamine 

ECoG: electrocorticogram 

EDTA: ethylenediamine tetraacetic acid 

EFP: evoked field potential 

eNOS: endothelial NOS 

ER: endoplasmic reticulum 

GFAP: glial fibrillary acidic protein 

HIF-1: hypoxia-inducible factor 1 

Hsp: heat shock protein 

i.m.: intramuscular 

i.v.: intravenous 

Iba1: ionized calcium-binding adapter 

molecule 

IL: ipsilateral 

INMT: indolethylamine N-

methyltransferase 

LDF: laser Doppler flowmetry 

LFP: local field potential 

LSCI: laser speckle contrast imaging 

MABP: mean arterial blood pressure 

MAM: mitochondria-associated ER 

membrane 

MAO: monoamine oxidases 

NeuN: neuronal nuclear protein 

NMDA: N-methyl-D-aspartate 

OGD: oxygen-glucose deprivation 

PBS: phosphate buffer saline 

PFA: paraformaldehyde 

PGE2: prostaglandin E2 

PGF2α: prostaglandin F2α 

rSD: recurrent spreading depolarization 

SD: spreading depolarization 

SD1: the first spreading depolarization in a 

train of events 

Sig-1R: sigma-1 receptor 

TBS: Tris-buffered saline 
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1. Introduction 

1.1. Ischemic stroke and spreading depolarization 

Ischemic stroke is a prominent, acute form of cerebrovascular disease, responsible for 87% of 

all stroke cases1. Someone suffers a stroke almost every 40 seconds in the United States1, and 

there is a stroke-related admission to hospital every 10 min in Hungary. Ischemic stroke is 

caused by the blockade of a cerebral blood vessel due to (1) embolization, (2) narrowed vessel 

lumen linked to atherosclerosis and (3) blockade of microvessels due to disturbed blood 

coagulation. The ischemic tissue is divided into two major zones: the ischemic core and the 

penumbra. In the ischemic core region, the perfusion is severely decreased (blood flow: 10%-

25% relative to normal baseline, or <10 ml/l00 g/min), and the nervous tissue undegoes rapid 

necrosis2. In the surrounding penumbra region, residual blood flow persists, the local cerebral 

blood flow (CBF) ranging between 15-25 ml/100 g/min or 20-40 % relative to baseline. The 

penumbra consists of electrophysiologically inactive but viable and, most importantly, 

salvageable tissue, which places it in the center of ischemic neuroprotective therapy 2. With the 

progression of time after stroke onset, the penumbra region transforms into the core region, 

increasing lesion size and worsening neurological outcome3. 

The neurophysiological phenomenon that has been recognized to accelerate the conversion of 

the ischemic penumbra to the infarcted region is spreading depolarization (SD), a wave of mass 

depolarization of neurons and glia that propagates across the cerebral grey matter at a rate of 

2–6 mm·min−1 4,5,6,7,8. Recurrent SDs have been also associated with early focal brain injury 

and delayed ischemic neurological deficit after subarachnoid hemorrhage9,10,11. SD corresponds 

to an abrupt, near complete breakdown of the transmembrane ion gradients6,8. The restoration 

of the membrane potential requires the mobilization of metabolic resources for the operation of 

ATP-dependent ion pumps (e.g. the Na+/K+ ATP-ase). This need is met by a profound 

hyperemic CBF response coupled to SD in otherwise non-compromised tissue12. The CBF 

response to SD typically consists of four elements: an early hypoperfusion, a dominant 

hyperemia, sometimes a late hypereamia and a long-lasting oligaemia12. The coupling between 

SD and local CBF becomes impaired under ischemia, which may create a metabolic supply-

demand mismatch, a subsequent energy crisis superimposed on prevailing ischemia, and 

facilitated tissue injury13. The current understanding of the relevance of SD in acute brain 

injuries posits that SD is harmful because its recurrence imposes an overwhelming metabolic 
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challenge and triggers excitotoxicity in ischemic brain tissue4,14. SDs spontaneously recurring 

in the injured brain exacerbate ischemic brain injury and contribute to the expansion of the 

primary lesion by the insufficiency of the associated CBF response4,13,15. 

1.2. Pharmacological targets in SD modulation 

SD has been implicated in the pathophysiology of several neurodegenerative diseases such as 

migraine with aura, malignant ischemic stroke, subarachnoid haemorrhage, intracerebral 

hemorrhage, and traumatic brain injury16. Consequently, the suppression of SD has been 

considered as a therapeutic approach in migraine prophylaxis and in the post-operative care of 

brain injury patients17,18,19. Blocking the initiation or propagation of SDs is a crucial point20. 

During SD development, an increase in [K+]e is thought to contribute to SD initiation, and the 

opening of voltage-gated Na+ channels to mediate Na+ influx to neurons4. Together with Na+, 

Cl- accompanied by water also enters the cells, which causes cell swelling4. Furthermore, 

voltage-gated Ca2+ channel opening and NMDA receptor activation is thought to allow Ca2+ 

influx, and the consequent release of glutamate4. Glutamate, in turn, activates NMDA receptors 

on neighbouring cells, which promotes SD propagation and may provoke excitotoxicity4. The 

pharmacological modulation of SD has predominantly targeted NMDA receptor-based 

glutamate excitotoxicity with the non-selective NMDA receptor blocker ketamine21,22,23. 

However, there are severe adverse effects of non-competitive NMDA antagonists, which may 

compromise normal brain function24. To avoid undesirable off-target drug actions, the indirect 

modulation of NMDA receptors, for example through the modulation of sigma-1 receptor 

signaling, could improve stroke outcome, with cutting the risk of direct NMDA receptor 

blockade-related the adverse effects25. 

The restoration of the membrane potential after SD requires the mobilization of metabolic 

resources for the operation of ATP-dependent ion pumps (e.g. the Na+/K+ ATPase)26. This need 

is met by a profound hyperemic cerebral blood flow (CBF) response coupled to SD in normal 

tissue12. The coupling between SD and local CBF becomes impaired under ischemia, which 

may create a metabolic supply-demand mismatch, a subsequent energy crisis superimposed on 

prevailing ischemia, and facilitated tissue injury13. Consequently, the improvement of the 

hemodynamic response to SD has been considered as a therapeutic approach in the post-

operative care of brain injury patients19. To this end, vasoactive prostaglandin signaling or the 

Ca2+ homeostasis of cerebrovascular smooth muscle cells emerge as feasable targets27,28,29. 
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1.3. New type dihydropiridine derivatives in tissue protection 

Dyhidropiridines have been widely used to treat hypertension and heart failure by inhibiting 

calcium influx to vascular smooth muscle cells through L-type voltage-gated Ca2+ channels30. 

Nilvadipine, a well-known dihydropiridine derivative, was shown to be protective in 

experimental cerebral ischemia and Alzheimer’s disease (AD) and has proven to be safe to 

apply in the care of AD patiens31,32,33. Furthermore, epidemiological studies have shown that 

dihydropiridines efficiently reduced or delayed the development of AD in elderly people32. 

Because clinical data suggest that the underlying therapeutic mechanism in AD is independent 

of the anti-hypertensive action of the dihydropiridines, a new class of dihydropyridine 

derivatives devoid of vasodilator and anti-hypertensive action has been developed with the 

purpose of selectively targeting neurodegeneration34,35. One of these promising novel 

compounds is LA1011 (dimethyl 4-(4-trifluoromethylphenyl)-2,6-bis-(2-dimethylaminoethyl)-

1-methyl-1,4-dihydropyridine-3,5-dicarboxylate dihydrochloride), which is known as a co‐

inducer of heat shock proteins (Hsp; especially Hsp27 and Hsp70) with no affinity to calcium 

channels35. Long-term administration of LA1011 was shown to improve learning ability, 

counteract neuronal loss, increase dendritic spine density, and restrain tau pathology and 

amyloid plaque formation in a transgenic mouse model of Alzheimer's disease35, possibly by 

maintaining protein homeostasis36. Taken that Hsp27 and Hsp70 activation has been suggested 

to be protective against ischemic neurodegeneration37,38,39, it is of interest whether LA1011, a 

co-inducer of Hsp, has the potential to preserve neuronal function under cerebral ischemia. 

Hence, here, we set out to assess the impact of LA1011 treatment on neuronal activation, SD 

and the development of the coupled CBF response in the acutely ischemic rat cerebral cortex 

(Aim 1) (Fig. 1). 

1.4. The role and function of FP receptors of prostaglandin-F2 in the brain 

SD induces the release of arachidonic acid in the nervous tissue40 and the cyclooxygenase-based 

synthesis of a wide range of vasoactive arachidonic acid metabolites41. As such, the 

concentration of both the vasodilator prostaglandin-E2 (PGE2) and the vasoconstrictor 

prostaglandin-F2α (PGF2α) was found to increase twofold in the cerebrospinal fluid in response 

to experimentally induced SD in rabbits. Treatment with the non-selective cyclooxygenase 

inhibitor indomethacin augmented the SD-coupled hyperemia, indicative of the dominant 

involvement of vasoconstrictive prostaglandins in the mediation of the CBF response41. Later, 
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the more selective pharmacological inhibition of the EP4 receptor of PGE2 reduced the 

magnitude of hyperemia and augmented post-SD oligemia27, while the antagonism of the FP 

receptor of PGF2α decreased the amplitude of post-SD oligemia in the otherwise intact rat 

cerebral cortex42. These experimental data together suggest a fine balance of EP4 and FP 

receptor activation in the regulation of the CBF response to SD, and importantly, the 

vasoconstrictive contribution of the PGF2α – FP receptor signaling. 

The PGF2α – FP receptor signaling cascade has been implicated in ischemia/reperfusion-

induced neurodegeneration, as well. First, the level of PGF2α was shown to increase in the 

brain tissue and the cerebrospinal fluid in animal models of cerebral ischemia43,44. Later, 

neurological deficit and ischemic lesion volume were found reduced in FP receptor knock-out 

compared to wild type mice45, and the pharmacological antagonism of FP receptors also 

resulted in smaller infarct volume and better functional outcome in a mouse model of focal 

cerebral ischemia46. Further, the antagonism of FP receptors in an experimental model of 

traumatic brain injury – a disorder in which SD has been implicated4,10,47 – reduced the injury-

related neurological deficit48. The FP receptor-linked neurodegenerative signaling is likely 

Ca2+-dependent, because the agonism of FP receptors increased intracellular Ca2+ concentration 

in cultured neurons46, although the presence of FP receptors on neuronal membranes have not 

been unequivocally confirmed. Indeed, the comprehensive localization and distribution of FP 

receptors in the central nervous system is still to be established. 

The synthesis of the experimental results on the implication of PGF2α – FP receptor signaling 

in ischemic brain injury and SD prompted us to hypothesize that SD must be a central 

mechanism in FP receptor activation-related ischemic neuronal injury. We postulate that 

neuronal FP receptors are activated by PGF2α accumulating with SD, which may directly 

promote neurodegeneration. Simultaneously, cerebrovascular PGF2α – FP receptor signaling 

in response to SD may potentiate vasoconstriction, and thereby impede neuronal survival under 

penumbra-like ischemic conditions. The ultimate purpose of our work has been to evaluate 

the protective potential of FP receptor antagonism against SD and the related 

neurodegeneration (Aim 2) (Fig. 1). 

1.5. DMT, a hallucinogenic agent protective against hypoxia 

N,N-Dimethyltryptamine (DMT) is a natural indole alkaloid found in plants (e.g. Psychotria 

viridis and Diplopterys cabrerana) and is known for its psychedelic effects when ingested by 
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humans as spiritual medicine or with recreative purposes (e.g. ayahuasca brew)49. Importantly, 

DMT has also been identified as an endogenous trace amine in mammalian tissues (e.g. lung, 

pineal gland, brain)50,51,52 and body fluids (urine, blood plasma and cerebrospinal fluid)53. The 

actual production of DMT from the amino acid tryptophan in mammalian tissues is supported 

by the (co-)localization of the enzymes aromatic-L-amino acid decarboxylase (AADC) and 

indolethylamine-N-methyltransferase (INMT) implicated in DMT biosynthesis54,55. DMT, 

however, is rapidly biodegraded by monoamine oxidases (MAO), which may be the reason for 

the very low endogenous DMT concentration measured (e.g. ng/mL or ng/g tissue). Still, DMT 

may be encapsulated in neurotransmitter storage vesicles at concentrations regarded to be 

pharmacologically relevant54. 

The physiological and pathophysiological role of endogenous DMT has been the subject of 

ongoing debate and speculations. Psychedelic and behavioral effects56, a potential role in 

psychiatric disorders57 and altered states of consciousness58 have all been attributed to naturally 

occurring DMT. Besides all of these elusive associations, investigators have recently turned 

their attention to the prospective general tissue protective59, and specific neuroprotective 

potential of the substance60,61. DMT has been claimed to be produced at increased concentration 

in the rodent brain when exposed to environmental stress delivered by electrical shock62. More 

importantly, the DMT content of the rat brain was found elevated after experimental cardiac 

arrest55. Recently, DMT was shown to protect human primary iPSC-derived cortical neurons 

against hypoxia, coincident with the reduction of hypoxia-inducible factor 1 (HIF-1) expression 

and function60. Further, DMT injected intraperitoneally limited infarct size in a rodent model 

of focal cerebral ischemia, and facilitated the recovery of motor function following ischemic 

injury61. Finally, DMT was suggested to achieve notable anti-inflammatory effects63, because 

the serum levels of pro-inflammatory cytokines (TNF α, IL 1β, IL 6) were found to be decreased 

in the presence of DMT in the above rat focal cerebral ischemia model61. 

The pharmacological mechanisms of DMT action have been extensively explored, revealing a 

complex interaction with numerous signaling pathways including biogenic amine receptors64, 

uptake transporters65, and trace amine-associated receptors66. In addition, fundamental evidence 

has been gathered that DMT acts as an endogenous Sig-1R agonist67. Sig-1Rs are intracellular 

receptors localized to the segment of the endoplasmic reticulum (ER) membrane, which is 

apposed to the mitochondrial outer membrane (the mitochondria-associated ER membrane, 
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MAM). Via precise molecular machinery, Sig-1Rs are known to control Ca2+ trafficking 

between the MAM and mitochondria, regulate the expression of specific potassium channels, 

suppress the generation of reactive oxygen species, and ultimately promote cell survival under 

stress68,69. A wealth of experimental data suggests that Sig 1R activation yields neuroprotection 

in ischemic stroke. For example, fluvoxamine, a potent antidepressant with high affinity for 

Sig-1R has been demonstrated to suppress ER stress-related apoptosis, reduce infarct size after 

focal cerebral ischemia, and alleviate ischemia-linked motor dysfunction in mice70,71. These 

results have been confirmed by increased apoptotic neuronal death in Sig-1R knockout mice 

exposed to global forebrain ischemia, and the suppression of ischemia-induced apoptosis in 

wild-type mice by the administration of PRE-084, a selective Sig-1R agonist pharmacon72. 

Coincidentally, a significant upregulation of Sig-1R has been linked to the ischemic 

penumbra73. Collectively, these data are highly suggestive that Sig-1R activation may be 

exploited for the purpose of ischemic neuroprotection. 

We set out to explore whether DMT administration achieves neuroprotection via Sig-1R 

activation in the acute phase of experimental, transient, cerebral forebrain ischemia, which 

we aggravated by the recurrent induction of SD8 and a subsequent transient hypoxic episode 

(Aim 3) (Fig. 1). 

Figure 1. A schematic illustration of a cell 

(neuron, astrocyte or cerebrovascular smooth 

muscle cell) to represent the cellular targets of 

pharmacological interventions and the related 

Aims of the study. Abbreviations: ATP: 

adenosine triphosphate, DMT: N,N-

dimethyltryptamine, ER: endoplasmic 

reticulum, Hsp: heat shock protein, IP3 receptor: 

inositol triphospate receptor, PGF2α: 

prostaglandin-F2α. 

 

 

2. Materials and methods 

2.1. Animals 

The experimental procedures were approved by the National Food Chain Safety and Animal 

Health Directorate of Csongrád County, Hungary. The procedures were performed according 

to the guidelines of the Scientific Committee of Animal Experimentation of the Hungarian 

Academy of Sciences (updated Law and Regulations on Animal Protection: 40/2013. (II. 14.) 
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Gov. of Hungary), following the EU Directive 2010/63/EU on the protection of experimental 

animals, and in accordance with the ARRIVE guidelines. 

Young adult, male Sprague-Dawley rats (Charles River Laboratories, n = 132) were used in this 

study. Standard rodent chow and tap water were supplied ad libitum. The animals were housed 

under constant temperature, humidity, and lighting conditions (23 °C, 12:12 h light/dark cycle, 

lights on at 7 a.m.). 

2.2. Surgical procedures 

On the day of the experiments, animals were anaesthetized with 1.5–2% isoflurane in N2O:O2 

(3:2) and were allowed to breathe spontaneously through a head cone during surgical 

interventions. In the study with LA1011, two series of experiments were designed on the basis 

of pharmacological treatment strategy. In Series 1, isoflurane anaesthesia was maintained 

throughout the experimental protocol. In Series 2, isoflurane was substituted with α‐chloralose 

(dissolved in saline at a concentration of 7 mg·ml−1 and administered either as a bolus injection 

of 40 mg·kg−1 per 15 min for initiation and 40 mg·kg−1·hr−1 for maintenance, i.v., or as a bolus 

injection of 50 mg·kg−1 for initiation and 30 mg·kg−1·hr−1 for maintenance, i.p.) for the period 

of actual data acquisition. Body temperature was kept at 37.2°C by a feedback controlled 

homeothermic blanket (Harvard Apparatus, Holliston, MA, USA). In order to avoid the 

production of airway mucus, atropine was administered (0.1%, 0.05 ml; i.m.) shortly before 

surgical procedures. The mean arterial blood pressure (MABP) was continuously monitored via 

a left femoral artery catheter. The adjacent femoral vein was also cannulated for the 

administration of the agents (anaesthetic or the assessed agents), whenever relevant. 

For the later initiation of incomplete global forebrain ischemia, a midline incision was made in 

the neck, and both common carotid arteries were carefully separated from the vagal nerves. 

Lidocaine (1%) was administered topically before opening the skin and each tissue layer 

underneath. A surgical thread used as occluder was looped around each artery for later 

occlusion of the arteries. Rats with intact cerebral perfusion were either sham operated or naïve. 

All rats were placed prone in a stereotaxic apparatus (Stoelting Co., Wood Dale, IL, USA). The 

skin above the skull and temporal muscle were retracted from the underlying right parietal and 

temporal bones. Two cranial windows (~3 × 3 mm) 1 mm apart were prepared over the right 

parietal cortex (3 mm caudal from bregma and 5 mm lateral from the sagittal suture). A high‐

precision electrical drill (Technobox, Bien Air 810; Switzerland) was used to thin the bone 
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under saline cooling, and the remaining soft bone layer was gently peeled away to reveal the 

dura surface. The dura was then carefully opened in each craniotomy. The rostral window was 

later used for data acquisition (i.e., electrophysiology and CBF measurement) and topical drug 

administration, while the caudal window served SD elicitation. In the experiment with AL-

8810, the two adjacent craniotomies were prepared on the right parietal bone 5 mm lateral from 

the sagittal suture, −1, −5 caudal from the bregma. In this experiment the caudal window was 

used for electrophysiological monitoring, while the rostral window served SD elicitation. The 

rest of the bone was thinned, including the medial part of the contralateral parietal bone in order 

to visualize CBF changes with laser speckle contrast imaging (LSCI) (PeriCam PSI HR, 

Perimed AB, Sweden). The cranial windows were constantly kept moist by artificial 

cerebrospinal fluid (aCSF; mM concentrations: 126.6 NaCl, 3 KCl, 1.5 CaCl2, 1.2 MgCl2, 24.5 

NaHCO3, 6.7 urea, 3.7 glucose bubbled with 95% O2 and 5% CO2 to achieve a constant pH of 

7.4). Experiments were terminated at the end of the experimental protocol by an overdose of 

the anaesthetic agent or the animals were transcardially perfused for histological assessments. 

2.3. Recording of electrophysiological variables 

A saline‐filled glass capillary electrode (20 μm outer tip diameter) was inserted 700 μm deep 

into the cerebral cortex at the rostral window for the synchronous recording of local field 

potential (LFP) and slow cortical or direct current (DC) potential. An Ag/AgCl reference 

electrode was implanted under the skin of the animal's neck. The electrophysiological signals 

were recorded via a high input impedance pre‐amplifier (NL102GH, NeuroLog System, 

Digitimer Ltd., UK), connected to a differential amplifier (NL106, NeuroLog System, 

Digitimer Ltd.) with associated filter (ECoG filtered in wideband scale: 0.5–35 Hz, DC filtered 

in DC mode;<0.5 Hz) and conditioner systems (NL125, NL144, NL530, NeuroLog System, 

Digitimer Ltd.). Potential line frequency noise (50 Hz) was removed by a high‐quality noise 

eliminator (HumBug, Quest Scientific Instruments Inc., Canada) without any signal 

attenuation. Analogue to digital conversion was performed by a dedicated A/D converter card 

(NI USB‐6008/6009, National Instruments, Austin, TX, USA) controlled through a custom‐

made software, written in LabView (National Instruments; RRID:SCR_014325). 

In the experiments with AL-8810 or DMT the MABP and heart rate were monitored with a 

Mikro-Tip pressure catheter inserted to the left femoral artery (Mikro-Tip BP Foundation 

System, ADInstruments, Australia). The respiratory rate was monitored with a piezo-electric 
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pulse transducer (Pulse Transducer (DIN), ADInstruments, Australia) attached to the chest of 

the animal. In this experiment the electrical signals along with MABP and respiration were 

digitalized by a PowerLab data acquisition device (ADInstruments, Australia) controlled 

through a dedicated software LabChart 8 (ADInstruments, Australia) at a sampling frequency 

of 2 kHz. 

2.4. Monitoring of local CBF 

Laser Doppler flowmetry (LDF) was used to record changes in local CBF in response to 

somatosensory (whisker) stimulation and SD. A laser Doppler needle probe (Probe 403 

connected to PeriFlux 5000; Perimed AB, Sweden) was positioned above the barrel cortex, 

which is supplied by arterial blood arriving via penetrating arterioles branching off the pial 

arterioles carrying blood from the middle cerebral artery74. The ideal position of the LDF probe 

was identified prior to the actual experimental protocol: The probe was positioned over the 

region where the amplitude of functional hyperemia in response to whisker stimulation proved 

to be the greatest. In the case of DMT experiments, the ideal position of the LDF probe was 

identified prior to the actual experimental protocol: the probe was positioned over the region 

where the baseline perfusion varied closely around 300 PFU, as near as possible to the tip of 

the glass microcapillary. The LDF signal was digitalized and acquired, together with the DC 

potential and LFP, essentially as described above. 

In the experiment with AL-8810, laser speckle contrast imaging was used to record SD-

associated changes in local CBF over the bilateral somatosensory cortex under thinned cranial 

bones. Heatmap images of CBF were created in the software PIMSoft (Software Version 1.3, 

Perimed AB, Sweden), dedicated to the LSCI apparatus PeriCam PSI HR (Perimed AB, 

Sweden). Three regions of interest (0.01 mm2 each) were positioned over the right parietal 

cortex (posterior, lateral, anterior) ipsilateral to SD induction to extract local CBF variations 

from the CBF image sequence. Arbitrary perfusion units were converted to relative CBF 

changes offline, with respect to the first 5 min of baseline (100%) and averaged biological zero 

(0%) taken from previous experiments. 

2.5. Application of the novel dihydropyridine derivative LA1011 

2.5.1. Pharmacological treatment and the experimental protocol 

Animals were assigned to pharmacological treatments randomly. In Series 1, LA1011 (property 

of Gedeon Richter Plc., kindly provided at the time of experimentation by LipidArt Ltd., 
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Szeged, Hungary; 1 mg·kg−1 body weight in 0.4 ml saline) or its vehicle (i.e., saline) was 

administered systemically (i.p.) in equal volume, twice a day for 2 weeks before surgical 

intervention. In Series 2, the rostral cranial window was incubated with LA1011 (100 μM, in 

aCSF) following a 5 min baseline recording. Drug solutions were refreshed every 10 min to 

maintain efficacy until the termination of each experiment. In other rats, rinsing the cranial 

window with vehicle served as a control for pharmacological treatments. 

In Series 1, three SD events were triggered in each animal (n = 12) by placing a 1 M KCl‐

soaked cotton ball in the caudal craniotomy75. The cotton ball was removed, and the craniotomy 

was rinsed with aCSF after each successful SD elicitation, to allow the development of a single 

SD in response to each trigger. SDs were provoked at an inter‐SD interval of at least 15 min 

(Fig. 2). 

In Series 2, after drug incubation for 30 min, both common carotid arteries were permanently 

occluded (two‐vessel occlusion [2VO]) by pulling on the occluder lines until resistance was felt 

and then securing the occluders in place (n = 17). Successful 2VO was confirmed by a sharp 

drop in the LDF signal. Rats with no occlusion served as control for 2VO (i.e., intact, n = 15). 

Fifteen minutes after 2VO onset, whisker stimulation involving the entire left whisker pad was 

performed mechanically. Stimulation frequency was set at 2–3 Hz, each stimulation lasting for 

25 s. The stimulation was repeated 4 times with 2 min intermissions. Subsequently, exactly as 

in Series 1, three SD events were triggered by placing a 1 M KCl‐soaked cotton ball in the 

caudal craniotomy. Considering the combination of 2VO and pharmacological manipulations, 

six experimental groups were established. The ischemia model has been widely used76; rodents 

are the typical model organisms to study neurovascular coupling or SD77,78. The experimenter 

was not blinded to the procedure, because she had to create ischemia by a surgical intervention 

(thus, it was clear which animal was allocated to the ischaemic group). 
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Figure 2. Time lines of the protocols implemented. 2VO: permanent, bilateral occlusion of the common carotid 

arteries (“two‐vessel occlusion”); rSD: recurrent spreading depolarization; SD: spreading depolarization; SD1: 

first spreading depolarization in a train of events 

2.5.2. Data analysis 

All variables (i.e., DC potential, LDF signal, and MABP) were simultaneously acquired, 

displayed live, and stored using a personal computer equipped with a custom‐made software in 

LabView (National Instruments). Data analysis was assisted by the inbuilt instructions of the 

software AcqKnowledge 4.2 for MP 150 (Biopac Systems, Inc., Goleta, USA). Raw LDF 

recordings were downsampled to 1 Hz and then expressed relative to baseline by using the 

average CBF value of the first 5 min (100%) and the biological zero obtained after terminating 

each experiment (0%) as reference points. Evoked field potentials (EFPs) during whisker 

stimulation were analysed in the original LFP recordings acquired at 2000 Hz, while raw DC 

recordings were also downsampled to 1 Hz. 

Blinding data analysis was intended by assigning codes to files and recordings, which do not 

reveal the experimental condition (i.e., date of the experiment). All recordings were first 

screened for events suitable for comprehensive analysis. For EFPs, it was required that the 

segment under analysis (10 s) was completely free of harmonic network oscillations (~50 Hz, 

produced by the feedback controlled on–off switch of the heating blanket) or any accidental 

noise produced by manipulations by the experimenter. For SD analysis, it was essential that an 

SD elicited propagated to the recording window. The evaluation of CBF responses was 

achieved when hyperemia evolved in response to stimulation (functional hyperemia in response 

to whisker stimulation remained undetectable on several occasions, and SDs in one animal gave 
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rise to inverse neurovascular coupling) and if the CBF responses to subsequent events were 

clearly separated. 

In the case of whisker stimulation, the peak amplitude of evoked potentials was assessed to 

reveal drug effect, if any. The efficacy of hyperemia was characterized by measuring the 

maximum amplitude of the CBF response (mean of 15 s at the plateau of the hyperemia). 

For SD events, peak amplitude, duration at half amplitude, and the rate of repolarization were 

measured on the DC potential trace. The hyperaemic element of the CBF response was first 

sorted on the basis of the presence of late hyperemia. Type 1 was noted whenever peak 

hyperemia was obvious, but late hyperemia remained undetectable. The CBF response was 

labelled Type 2 when both peak and late hyperemia could be identified confidently. The SD‐

associated hyperemia was then characterized by the peak amplitude, and the duration of 

hyperemia (peak and late elements together), taken from deflection from and return to baseline. 

Data analysis was shared among four independent investigators. 

Unequal group sizes were achieved because some of the completed experiments did not qualify 

for comprehensive data analysis due to high arterial blood pCO2 and low arterial blood pH 

values (n = 4), unsuccessful SD elicitation (n = 1), or an overdose of anaesthesia during the 

experimental protocol (n = 1). However, pilot experiments, which met all the criteria of a 

successful experiment (e.g., anaesthesia protocol yielding physiological arterial blood gas 

values, uninterrupted monitoring of mean arterial pressure, appropriate concentration of drug 

solutions, successful somatosensory stimulation, and SD elicitation; n = 6), were incorporated 

in the final groups to utilize all relevant data produced. 

Data are given as mean ± stdev. The results were statistically analysed with the software SPSS 

(IBM SPSS Statistics for Windows, Version 22.0, IBM Corp., USA; RRID:SCR_002865). The 

distribution of the data was tested with the Shapiro–Wilk normality test. Outliers were filtered 

with Grubbs test. Homogeneity of the variances was checked by Levene's test. Two‐ or three‐

way ANOVA models were used, dependent on the type of data obtained. Levels of significance 

were defined as *P < 0.05. Tukey's HSD or Games–Howell post hoc test was used for group 

comparisons, whenever applicable. Nonparametric data were statistically evaluated with a 

Pearson chi‐square test for association. All relevant statistical methods are given in each figure 

legend. 
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2.6. FP receptor inhibition with AL-8810 

2.6.1. Experimental protocol 

After 10 min of baseline period, both common carotid arteries were occluded by pulling and 

securing the surgical threads looped around the vessels76. Successful 2VO was confirmed by a 

sharp drop of CBF. The FP-receptor antagonist AL-8810 (1 mg/bwkg, dissolved in 0.1% 

dimethyl sulfoxide (DMSO) in physiological saline, Sigma- Aldrich, USA) or its vehicle were 

bolus administered i.v. in 1 ml volume 10 min after 2VO onset (Fig. 3). The dose of AL-8810 

was selected to correspond to a dose found effective to reduce ischemic brain infarct volume in 

a previous experimental study, where AL-8810 was injected i.v. at 1 or 10 mg/bwkg46. Since 

the lower concentration was found effective46, and lower drug concentrations are expected to 

deliver potential side effects less likely, we designed our experiments accordingly. SDs were 

triggered with a 1 M KCl-soaked cotton ball placed on the cortex75 20 min after drug infusion. 

The cotton ball was removed and the craniotomy rinsed with aCSF after two subsequent SD 

events, provoked at an inter-SD interval of at least 15 min. Next, the KCl-soaked cotton ball 

was left on the brain surface for 60 min to induce clusters of SDs. Finally, reperfusion was 

initiated by releasing the carotid arteries, and the animals were kept under light sedation (1% 

isoflurane) for an additional 3 h in order for ischemic tissue injury to mature. Two of the rats 

were excluded because they developed respiratory failure under anesthesia and died as a 

consequence during the experimental protocol. One additional animal was terminated before 

the beginning of the experimental protocol because the preparation of the cranial window 

caused extensive hemorrhage. This resulted in group sizes of 7 and 8 rats, AL-8810-treated and 

control, respectively. 

 

Figure 3. Graphical illustration of the experimental protocol. A, Experimental settings. Black circles indicate the 

position of the two open cranial windows. B, The schematic drawing illustrates the subsequent phases of the 

experimental protocol. ECoG-Electrocorticogram; DC-direct current; SD-spreading depolarizations; CBF-

cerebral blood flow; LSCI-laser speckle contrast imaging; DMSO-dimethyl sulfoxide 
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2.6.2. Tissue processing and immunocytochemistry 

The animals were transcardially perfused with ice-cold physiological saline followed by 4% 

paraformaldehyde (PFA) under deep chloral hydrate anesthesia (5%, i.p., 500 mg/bwkg) at the 

end of the experimental protocol. The brains were removed, stored in 4% PFA at 4 °C 

overnight, and cryoprotected in 30% sucrose in phosphate buffered saline (PBS). Coronal, 20-

μm-thick forebrain sections were cut with a freezing microtome (Leica CM 1860 UV, Leica, 

Germany). Slices were selected for the permanent immunocytochemical staining of cleaved 

caspase-3 (CC3), the immunofluorescent co-localization of CC3 with the neuron marker 

neuronal nuclear protein (NeuN) or the astrocyte marker glial fibrillary acidic protein (GFAP), 

or the immunofluorescent co-localization of FP receptors with neural glial, as well 

ascerebrovascular elements. First, apoptotic cell injury was characterized with CC3 and the 

activation of microglia with ionized calcium-binding adapter molecule (Iba1) immunolabeling 

on selected coronal slices (bregma +1, −3.14 and −6.04 mm, Paxinos and Watson atlas 

coordinates; two slices per plane). Endogenous peroxidases were blocked with 5% H2O2, 

nonspecific protein-binding sites were blocked with 5% normal goat serum (Merck, 

Kenilworth, USA), and slices were permeabilized with 0.5% Triton X-100 (Merck, Kenilworth, 

USA) in Trisbuffered saline (TBS). Slices were incubated with rabbit anti-CC3 or anti-Iba1 

primary antibody (CC3: Abcam, ab13847, 1:300; Iba1: rabbit, FujiFilm Wako, NCNP24, 

1:3000) overnight at 4 °C. The subsequent steps of incubation included an enhancer reagent for 

1 h at room temperature, and horseradish-peroxidase-linked secondary antibody for 3 h at room 

temperature, both being components of the Polink-2 Plus HRP Detection Kit (for rabbit primary 

antibody with diaminobenzidine (DAB) chromogen, D39–18, GBI Labs, USA). The staining 

was visualized with DAB. The slices were mounted on microscopic slides with Eukit® (Merck, 

USA) and digitally recorded either with a microscope slide scanner (Zeiss Mirax Midi Slide 

Scanner, Carl Zeiss MicroImaging GmbH, Germany) operated by a CaseViewer software (3D 

Histech Ltd., Hungary), or a Nikon-DS Fi3 camera attached to a Leica DM 2000 Led light 

microscope (Leica Microsystems GmbH, Germany). Next, the cell types of the nervous tissue 

involved in apoptotic cell death were identified by the representative co-localization of CC3 

with NeuN or GFAP. Antigens were retrieved with 10-minutelong boiling in citrate buffer (pH 

5, 95 °C, 300 rpm). Slices were permeabilized with 0.2% Triton X-100 in PBS for 30 min. Non-

specific protein-binding sites were blocked with 3% bovine serum albumin (BSA) for 1 h at 
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room temperature. Slices were incubated with primary antibodies overnight at 4 °C (anti-CC3: 

rabbit, Cell Signaling, #9661, 1:500; anti-GFAP: mouse, Sigma, G3893, 1:10000; anti-NeuN: 

mouse, Millipore, MAB377, 1:500; in 1% BSA in PBS). Secondary antibodies were applied 

for 1 h at room temperature (antirabbit Alexa 594; goat, Jackson Laboratories, 1:500; anti-

mouse Alexa 488, goat, Jackson Laboratories, 1:500; in 1% BSA in PBS). Slices were mounted 

with Fluoromount-G with DAPI (Thermo Fisher Scientific, USA), for the additional 

visualization of cell nuclei. Representative photomicrographs were taken of the somatosensory 

cortex of a control animal with a Leica SP5 inverted laser scanning confocal microscope 

(TE2000U, Leica Microsystems GmbH, Germany) with 63× objective with additional digital 

zoom giving. Confocal images were pieced together and processed in ImageJ. Finally, in order 

to identify the cellular and subcellular localization of FP receptors, the receptors were co-

labeled with NeuN (neuronal marker), GFAP (astrocyte marker), Iba1 (microglia marker), 

claudin-5 (endothelial cell marker) or alpha-actin (vascular smooth muscle cell marker) in slices 

from a naïve animal. Antigens were retrieved with 10- minute-long boiling in citrate buffer (pH 

5; 95 °C, shaking at 300 rpm) for claudin-5 co-staining. All slices were permeabilized with 

0.2% Triton X-100 in PBS for 30 min. Non-specific protein-binding sites were blocked with 

3% BSA for 1 h at room temperature. Slices were incubated with primary antibodies overnight 

at 4 °C (anti-FP receptor: rabbit, Abcam, ab203342, 1:100; anti-NeuN: mouse, Millipore, 

MAB377, 1:500; anti-GFAP: mouse, Sigma, G3893, 1:10000; anti-Iba-1: goat, Abcam, 

ab48004, 1:500; anti-claudin-5: mouse, Invitrogen, #4C3C2, 1:100; in 1% BSA in PBS; anti-

α-smooth muscle actin, GeneTex, GTX73419, ready-to-use). Secondary antibodies were 

applied for 1 h at room temperature (anti-rabbit STAR RED; goat, Abberior, 1:500; anti-mouse 

STAR 580, goat, Abberior, 1:500; anti-goat Alexa-594, donkey, Thermo Fisher Scientific, 

1:500; in 1% BSA in PBS). In case of Iba-1 and FP double staining, the incubation with anti-

goat secondary antibody was followed by the incubation with goat antirabbit antibody to avoid 

cross-reaction. Slices were mounted with Fluoromount-G (Thermo Fisher Scientific). 

Representative confocal images were taken of the somatosensory cortex with a Zeiss Axio 

Observer Z1 inverted microscope (Carl Zeiss GmbH, Germany), and pieced together and 

processed in ImageJ (National Institutes of Health, Bethesda, Maryland, USA). 
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2.6.3. Data analysis 

Physiological variables (i.e. DC potential and MABP) were simultaneously acquired, displayed 

live, and stored using a personal computer equipped with the software LabChart 8 

(ADInstruments, Australia). the LSCI signal was acquired with PeriFlux System 5000 (Perimed 

AB, Sweden) and displayed live with PIMSoft. Raw LSCI recordings were downsampled to 1 

Hz before analysis. All data were then converted and analyzed as in the LA1011 experiment. 

The SD events were first sorted according to their duration and amplitude: With reference to 

regular transient SDs, prolonged SDs were noted when the depolarization was longer than 3 

min while the amplitude of the depolarization was similar to transient SDs (> 10 mV), and 

incomplete SDs were identified by their amplitude smaller than 10 mV, and their duration 

shorter than 30 s (Fig. 3A). Than all SD events were measured as in the LA1011 experiments. 

The distribution of spectral power of the ECoG recordings at alpha (8–13 Hz) and delta (1–4 

Hz) frequency bands were done with the software LabChart Pro (Labchart 8, National 

Instrument, Australia). Total power for each frequency band was expressed for 60-s periods 

taken (i) before the induction of cerebral ischemia, (ii) before the controlled elicitation of the 

1st SD, (iii) before continuous SD elicitation, and (iv) after reperfusion. As a proxy forlatter 

lesion formation, alpha-to-delta ratio (ADR) was calculated for each time points79. SD 

frequency was also calculated for recurrent events under continuous elicitation. 

The CBF response to SD was first categorized as hyperemic (dominating element of transient 

hyperemia), hypoemic (transient hypoperfusion alone) or no detectable CBF variation at a clear 

negative shift (i.e.>10 mV) of the DC potential80. The SD-associated hyperemia and hypoemia 

were then characterized as decribed above in the LA1011 experiment. 

The CC3-labeled slides were evaluated by manual cell counting with the CellCounter plugin of 

ImageJ by two observers blind to the experimental design (Wayne Rasband, NIH). Cell count 

was expressed for a unit surface of 1 mm2. In the Iba1-immunolabeled slices, cells were 

counted, and microglia activation was characterized with a ramification index exactly as 

reported earlier81. Briefly, a lower ramification index value represents a more activated 

microglial status. 

Data are given as mean ± stdev; parametric data are shown as bar charts, while non-parametric 

data are presented with additional scatter plots. The results were statistically analyzed with the 

software SPSS (IBM SPSS Statistics for Windows, Version 22.0, IBM Corp.). Grubbs test was 
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applied to identify potential outliers. For the evaluation of statistical significance, a repeated 

measure or a two-way ANOVA model was used for data sets with normal distribution. Tukey's 

HSD or Games–Howell post hoc test was used for group comparisons, whenever applicable. 

When the data did not fit normal distribution, non-parametric Mann-Whitney test was used. 

Frequency distributions were evaluated with a Pearson's Chi-square test. Levels of significance 

were defined as p <.05* and p <.01**. All relevant statistical methods are given in each figure 

legend. 

2.7. Putative Sig-1R agonism with DMT 

2.7.1. Pharmacological treatment and the experimental protocol 

All drugs were dissolved in physiological saline, administered at a dose of 1mg/bwkg given 

over an hour60,70,82,83, and infused through the left femoral vein continuously throughout the 

experimental protocol. Even though DMT has poor solubility in aqueous media, intensive 

vortexting at 37 oC resulted in a transparent solution at the low concentration used. The 

following treatments were applied: DMT alone (n=7), the highly selective Sig-1R agonist PRE-

084 (Sigma-Aldrich, U.S.A.) alone (n=8), the selective Sig-1R antagonist NE-100 (Sigma-

Aldrich, U.S.A.) alone (n=6) or in combination with DMT (n=6), and the non-subtype specific 

serotonin receptor (5-HTR) antagonist asenapine (Sigma-Aldrich, U.S.A.) alone (n=6) or in 

combination with DMT (n=6). Vehicle (i.e. physiological saline) served as control for the 

treatments (n=7). NE-100 and DMT or asenapine and DMT were used in combination to test 

the receptor-specificity of DMT. 

After a baseline period (5 min), cerebral ischemia was induced by the occlusion of both 

common carotid arteries (Fig. 4). The administration of DMT, PRE-084 or vehicle was initiated 

upon ischemia induction through the femoral vein, with the aid of a microinjector syringe pump 

(CMA/100 Micro Injection Pump, Carnegie Medicin, Sweden). Successful 2VO was confirmed 

by a sharp drop of CBF. In the case of DMT co-application with NE-100 or asenapine, the 

infusion of NE-100 or asenapine began 10 min before ischemia induction to act on receptors 

before DMT application. The i.v. infusion of the drugs was continuous and maintained until the 

end of the experiment. As further metabolic challenge superimposed on ischemia, three SD 

events were triggered at an inter-SD interval of at least 15 min with a 1 M KCl-soaked cotton 

ball placed on the cortex in the caudal craniotomy75, starting 10 min after 2VO onset. The cotton 

ball was removed and the craniotomy rinsed with aCSF after each SD event. After the three 
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SDs subsided, the ischemic insult was further aggravated by an episode of transient hypoxia (1 

min) achieved by the controlled withdrawal of O2 from the anesthetic gas mixture. The hypoxic 

episode was followed by reoxygenation and the prompt release of the common carotid arteries 

to afford cerebral reperfusion for another hour. 

 

Figure 4. Graphical illustration of the experimental protocol. A, Experimental settings. Black circles indicate the 

position of the two open cranial windows. B, The schematic drawing illustrates the subsequent phases of the 

experimental protocol. Arterial blood samples were collected repeatedly ( ) for blood gas analysis. ECoG-

Electrocorticogram; DC-direct current; SD-spreading depolarizations; CBF-cerebral blood flow; DMT-N,N 

dimethyltryptamine 

2.7.2. Immunocytochemistry 

Naïve (n=3), and vehicle- or DMT-treated rats exposed to the full experimental protocol (n=4/4) 

were transcardially perfused and coronal brain slices were made as described above in the AL-

8810 experiments. 

Apoptotic cell death was characterized with permanent immunocytochemical staining of CC3, 

ferroptotic injury by 4-hydroxinonenal (4-HNE), whereas neuronal loss was identified with the 

neuron marker NeuN, and astrocyte damage with the astrocyte marker GFAP on selected 

coronal slices (bregma +1, −3 and −6 mm, Paxinos and Watson atlas coordinates; three slices 

per plane). Microglial activation was detected with Iba-1 immunohistochemistry. In all cases, 

endogenous peroxidases were blocked with 5 % H2O2, nonspecific protein-binding sites were 

blocked with 5 % normal goat serum (Merck, Kenilworth, U.S.A.), and slices were 

permeabilized with 0.5 % Triton X-100 (Merck, Kenilworth, U.S.A.) in TBS. Slices were 

incubated with rabbit anti-CC3 (Abcam, ab13847, 1:300), mouse anti-4-HNE (Abcam, 

ab48506, 1:100), rabbit anti-NeuN (Abcam, ab177487, 1:300), mouse anti-GFAP (Abcam, 

ab4648, 1:1000) or rabbit anti Iba-1 (Wako, #019-19741, 1:3000) overnight at 4 °C. The 

subsequent steps of incubation included an enhancer reagent for 1 h at room temperature, and 

horseradish-peroxidase-linked secondary antibody for 3 h at room temperature, both being 

components of the Polink-2 Plus HRP Detection Kit (for rabbit or mouse primary antibody with 

DAB chromogen, D39–18 for rabbit and D37-18 for mouse, GBI Labs, U.S.A.). The staining 
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was visualized with DAB. The slices were mounted on microscopic slides and photographed as 

decribed above in the AL-8810 experiments. 

Finally, in order to identify the cellular and subcellular localization of Sig-1Rs, the receptors 

were co-labelled with NeuN (neuronal marker), GFAP (astrocyte marker) and Iba-1 (microglia 

marker) in slices from a naïve animal. Antigens were retrieved with 10-minute-long boiling in 

6 M urea in Tris-HCl buffer (pH 9.5; 80 °C, shaking at 300 rpm)84. All slices were 

permeabilized with 0.2% Triton X-100 in PBS for 30 min. Non-specific protein-binding sites 

were blocked with 3 % BSA for 1 h at room temperature. Slices were incubated with primary 

antibodies overnight at 4 °C (anti-SiG R: rabbit, Abcam, ab53852, 1:500; anti-NeuN: mouse, 

Millipore, MAB377, 1:250; anti-GFAP: mouse, Sigma, G3893, 1:500; anti-Iba-1: mouse, 

Wako, #016-26721, 1:200 in 3% BSA in PBS). Secondary antibodies were applied for 1 h at 

room temperature (anti-rabbit STAR RED; goat, Abberior, 1:500 and anti-mouse STAR 580, 

goat, Abberior, 1:500 for NeuN and GFAP-labelling; anti-rabbit Alexa-488, goat, Thermo 

Fisher Scientific, #A11034, 1:500, anti-mouse Alexa-647, donkey, Thermo Fisher Scientific, 

#A32787, 1:500 for Iba-1 labelling) in 1 % BSA in PBS. Slices were mounted with Mount Solid 

antifade© (Abberior, Germany). Representative epifluorescent (20 x) and confocal (100 x) 

images were taken of the somatosensory cortex with a Zeiss Axio Observer Z1 inverted 

microscope (Carl Zeiss GmbH, Germany) equipped with a laser confocal imaging capable 

Stedycon (Abberior Instruments, Germany), and pieced together, re-coloured and processed in 

ImageJ (National Institutes of Health, Bethesda, Maryland, USA)85. 

2.7.3. Data analysis 

The acquirement and analysis of physiological data (i.e. DC potential and MABP) were 

achieved as in the previous experiments. 

The CC3- and the Iba1-labeled slides were evaluated as described in AL-8810 experiments. 

Neuronal and astrocytic loss were characterized by the estimation of NeuN- or GFAP-positive 

immunolabeling, respectively, in all observed brain regions. After masking binary images in 

ImageJ, the relative surface covered by immunopositive cells was expressed. 

Data are given as mean±stdev. The results were statistically analyzed with the software SPSS 

(IBM SPSS Statistics for Windows, Version 22.0, IBM Corp.). A Grubbs test was applied to 

identify potential outliers (n=4, random distribution over pharmacological treatments). An 

independent samples t-test or a one-way analysis of variance (ANOVA) model was used, 
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dependent on the type of data set. A Fisher post hoc test was used for group comparisons, 

whenever applicable. Levels of significance were defined as p<0.05* and p<0.01**. All 

relevant statistical methods are given in each figure legend. 

3. Results 

3.1. Application of the novel dihydropyridine derivative LA1011 

3.1.1. Physiological variables and baseline variations of CBF 

Statistical analysis did not reveal any significant ischemia‐ or treatment‐related difference in 

physiological variables (MABP, arterial blood pH, and partial arterial pressure of O2 and CO2) 

across experimental groups. 

Variation of baseline CBF was assessed at selected time points of the experimental protocol, in 

order to evaluate the impact of pharmacological treatments (Fig. 5). Ischemia induction in 

Series 2 obviously caused a marked reduction of CBF (53±23%), which stabilized in the 

vehicle‐treated group at 74 ± 11% prior to first SD (SD1) and at 67±15% prior to recurrent SDs 

(rSDs; Fig. 5). The occurrence of SD produced long‐lasting oligaemia, the final element of the 

CBF response to SD, which was apparent between SD events in the intact groups, as well (Fig. 

5). Neither chronic nor acute treatment with LA1011 altered baseline CBF at any time point or 

condition considered. 

 

Figure 5. Variation of baseline cerebral blood flow (CBF) with respect to pharmacological treatments. (a) CBF 

prior to the first experimental intervention (i.e., production of spreading depolarization [SD] in Series 1, or 

induction of ischemia in Series 2). In Series 2, the intact group and the group of animals later undergoing bilateral 

common carotid artery occlusion (2VO) are merged, because they received identical handling until this point of 

the experimental protocol. (b) CBF before the production of the first SD. Data are expressed as change with respect 

to the corresponding baseline. (c) CBF before the production of recurrent SD events. Data are given as mean ± 

stdev; sample size is indicated in each bar. Statistical analysis relied on a two‐way ANOVA paradigm (factors: 

acute/chronic and treatment), Panel (a), or a three‐way ANOVA (acute/chronic, ischemia, and treatment), Panels 

(b) and (c). The level of significance was defined as *p < 0.05. Tukey's HSD post hoc test was applied for group 

comparisons (*p < 0.05 vs. vehicle; #p < 0.05 vs. LA1011; $p < 0.05 vs. respective intact). 
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3.1.2. Somatonsensory stimulation 

For the estimation of drug effect on physiological neurovascular coupling, somatosensory EFPs 

and the associated CBF response provoked by whisker stimulation were evaluated in the 

somatosensory barrel cortex in Series 2 (Fig. 6). The amplitude of EFPs was considerably 

attenuated during ischemia (in the presence of 2VO) with respect to the intact condition (Fig. 

6B). The application of LA1011 exerted no effect on EFPs (Fig. 6A-B). The relative amplitude 

of the hyperaemic response was notably smaller during ischemia (2VO) than in the intact brain 

(Fig. 6C-D). Treatment with LA1011 did not improve functional hyperemia significantly (Fig. 

6D). 

 

Figure 6. The impact of ischemia or pharmacological treatments on evoked potentials and the coupled cerebral 

blood flow (CBF) response during whisker stimulation in Series 2. (a) Representative local field potential (LFP) 

traces display somatosensory evoked field potentials (EFPs) during whisker stimulation. Traces in front of light 

grey background were taken from intact animals, while the trace in front of dark grey background represents an 

animal with bilateral common carotid artery occlusion (2VO). (b) The peak amplitude of evoked potentials. (c) 

Traces (each is the mean of four stimulations in an animal representative of each condition) show the CBF response 

to whisker stimulation. (d) The amplitude of the CBF response to whisker stimulation. The base of each bar in the 

chart is set to the CBF level directly preceding whisker stimulation. In (b) and (d), data are given as mean ± stdev; 

sample size (i.e., the number of events analysed) is indicated in each bar. Statistical analysis relied on a two‐way 

ANOVA paradigm (factors: ischemia and treatment). The level of significance was defined as *p < 0.05. A 

Games–Howell post hoc test was applied for group comparisons (*p < 0.05 vs. vehicle; #p < 0.05 vs. LA1011; $p 

< 0.05 vs. respective intact) 

3.1.3. Spreading depolarization 

Experimentally‐evoked SDs were exploited for the investigation of drug effect on non‐

physiological neural depolarization and the associated CBF response (Fig. 7 and 8). The SD1 

was taken apart from rSD events for analysis, because of known dissimilarities between SD1 

and rSDs86. Eventually, detailed data analysis was completed on rSDs. As expected, the 

amplitude of SD events was not altered (Series 2), while their duration was extended (Series 2) 

during ischemia with respect to the intact condition (Fig.7A-C). Chronic or acute application 

of LA1011 consistently intensified SD amplitude, irrespective of ischemia (Series 2; Fig.7B). 
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Figure 7. The impact of ischemia or 

pharmacological treatments on recurrent 

spreading depolarization (rSD). (a) Traces (each 

is the mean of rSDs in an animal representative 

of each condition) demonstrate the negative DC 

potential shift indicative of rSDs, triggered after 

the bilateral occlusion of the common carotid 

arteries (2VO). (b) Amplitude of the negative 

DC potential shift with rSDs. (c) Duration of the 

negative DC potential shift with rSDs. (d) Rate 

of repolarization of the negative DC potential 

shift with rSDs. In (b) to (d), data are given as 

mean ± stdev; sample size (i.e., the number of 

events analysed) is indicated in each bar. 

Statistical analysis relied on a three‐way 

ANOVA paradigm (factors: acute/chronic, 

ischemia, and treatment). The level of significance was defined as *P < 0.05. Tukey's HSD (b) or a Games–Howell 

(c) post hoc test was applied for group comparisons (*P < 0.05 vs. vehicle; #P < 0.05 vs. LA1011). 

The CBF response to SD consists of four elements, starting with a transient hypoperfusion, 

followed by a peak and then a late hyperemia, and concluded by a long‐lasting oligaemia12. The 

share of the individual elements in the CBF response to SD is variable across animal species 

and anaesthesia protocols and appears to change markedly according to the actual metabolic 

status of the tissue12. The analysis of the CBF response here predominantly focused on the 

hyperemia phase. The kinetics of the observed CBF responses exhibited a spectrum considering 

the weight of late hyperemia in the signature (Fig. 8A). Further, the presence of the late 

hyperaemic element served as the basis for CBF response classification to distinguish CBF 

response Type 1 characterized by peak hyperemia only, from CBF response Type 2 that 

included late hyperemia in addition to the peak hyperemia (Fig. 8A). A semi‐quantitative 

approach of ours indicated that the likelihood for Type 1 and Type 2 CBF responses to evolve 

was near equal in the vehicle‐treated, intact condition. Conversely, ischemia, or treatment with 

LA1011, allowed late hyperemia to emerge at a clearly higher incidence (Fig. 8B). The 

amplitude of peak hyperemia was conserved over experimental groups (Fig. 8C). The duration 

of hyperemia (i.e., peak and late hyperemia together) was not significantly altered by ischemia 

or the treatments (Series 2; Fig. 8D). 
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Figure 8. The impact of ischemia or pharmacological treatments on the cerebral blood flow (CBF) response to 

recurrent spreading depolarization (rSD) events. (a) Representative traces demonstrate the spectrum of the kinetics 

of the CBF response considering the weight of late hyperemia in the signature. The CBF response was classified 

as Type 1 whenever peak hyperemia was obvious, with late hyperemia being undetectable. The CBF response was 

labelled Type 2, when both peak and late hyperemia could be identified. (b) Occurrence of Type 1 and Type 2 

CBF responses is depicted with respect to all of the CBF responses analysed being taken as 100% in each 

experimental group. Horizontal bars with black outline (left) depict the share of Type 1, while bars with grey 

outline (right) represent the ratio of Type 2 CBF responses. Note that the two types were represented equally (i.e., 

near 50% indicated by a vertical white band) in the vehicle‐treated, intact groups. In the animals undergoing 

bilateral common carotid artery occlusion (2VO) and receiving LA1011 treatment, only Type 2 CBF responses 

were observed. Pearson chi‐square test for association indicated a significant effect (value: 16.996, P < 0.017). 

Calculating column proportion by z test with Bonferroni correction identified a significant shift in Type 1 and 

Type 2 ratios for groups labelled (*). (c) Amplitude of peak hyperemia. The base of each bar in the chart is set to 

the CBF level preceding rSD events. (d) Duration of hyperemia, that is, ΔT in Panel (a). In (b) to (d), data are 

given as mean ± stdev; sample size (i.e., the number of events analysed) is indicated in each bar. Statistical analysis 

relied on a three‐way ANOVA paradigm (factors: acute/chronic, ischemia, and treatment). The level of 

significance was defined as *P < 0.05. Tukey's HSD test was applied for group comparisons (*P<0.05 vs. vehicle; 

#P< 0.05 vs. LA1011) 

3.2. FP receptor inhibition with AL-8810 

3.2.1. Physiological parameters 

In order to evaluate whether the intravenous administration of AL- 8810 had any potential 

impact on systemic physiological variables, we analyzed arterial blood samples and 

cardiorespiratory parameters. The systemic physiological variables were within the normal 

range throughout the experimental protocol. Ischemia increased MABP (e.g. vehicle group: 

85.3±10.5 vs. 78.0±9.3 mmHg, ischemia vs. baseline) and arterial pO2 (e.g. vehicle group: 

110.9±11.8 vs. 105.4±15.1 mmHg, ischemia vs. baseline), as in other experimental models of 

cerebral ischemia79,87. The treatment with AL-8810 did not exert any detectable impact on the 

examined variables. 



28 

 

 

Figure 9. Distinct types of spreading depolarization (SD) events, and their incidence during the phase of 

continuous elicitation. A, Traces depict DC potential changes (lower trace, blue) and cerebral blood flow (CBF) 

responses (upper trace, red) representative of the different types of SDs. B, The incidence of various SD types are 

given relative to the total number of SDs for the two experimental groups. Statistical association between 

Treatment and Types of SDs was analyzed with Chi-Square Test (p<.01**). (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article.) 

3.2.2. Spreading depolarization 

The occurrence of SD clusters or prolonged depolarizations, and the long cumulative duration 

of recurrent SDs indicate and predict the development of secondary ischemic brain injury after 

an acute insult4,9,14. We have demonstrated earlier that the inhibition of the EP4 receptor of 

PGE2 causes the unfavorable elongation of SD in the ischemic cerebral cortex27. Here we 

explored whether the antagonism of the FP receptor of PGF2α modulates the occurrence or 

duration of SDs beneficially. 

SD occurrence was confirmed with electrophysiology and LSCI in the ipsilateral cortex, but no 

SD propagation to the contralateral side was seen in the CBF maps. In case of the initial, 

controlled elicitation, all SDs were transient with no statistical difference in the DC potential 

signature between the two groups (i.e. amplitude: −18.3±2.7 vs. −18.0±2.6 mV, AL-8810 vs. 

vehicle; duration at half amplitude: 55±25 vs. 56±19 s, AL-8810 vs. vehicle). 

Subsequent to controlled SD elicitation, clusters of SDs were triggered with continuous KCl 

exposure. Each of these recurrent SDs was categorized as transient, prolonged or incomplete, 

on the basis of their DC potential signature acquired at the implanted electrode (Fig. 9A). Then 

their incidence relative to the total number of recurrent SDs was expressed for the AL-8810 and 

the vehicle-treated groups separately (Fig. 9B). Incomplete SDs typically occurred towards the 

end of the continuous SD elicitation. The antagonism of FP receptors with AL-8810 prevented 

the evolution of prolonged SDs (0 vs. 15%, AL-8810 vs. vehicle), and achieved a 

complementary increase in the incidence of incomplete SDs (25 vs. 5%, AL-8810 vs. vehicle). 

At the same time, the share of regular transient SDs of all recurrent events remained comparable 

between the two experimental groups (75 vs. 80%, AL-8810 vs. vehicle) (Fig. 9B). 
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Detailed, quantitative analysis of recurrent SDs focused on transient events (Fig. 10). Similar 

to the controlled SDs, the amplitude of the clustered SDs was similar in the two experimental 

groups (−17.5±2.4 vs. −16.9±3.1 mV, AL-8810 vs. vehicle). Nevertheless, AL-8810 treatment 

accelerated the repolarization after SDs (0.84±0.4 vs. 0.45±0.22 mV/s, AL-8810 and vehicle) 

(Fig 10A1). Accordingly, the average duration of an SD at half amplitude (30±10 vs. 56±14 s, 

AL-8810 vs. vehicle) (Fig. 10A2), as well as the cumulative duration of recurrent transient SDs 

was found shorter (304±71 vs. 577±154 s, AL-8810 vs. vehicle) in the AL-8810-treated 

compared to the control group. In line with these data, the magnitude of individual SDs 

expressed as AUC was reduced in the AL-8810 treated group compared to control (585±192 

vs. 942±251 mV*s; AL-8810 vs. vehicle) (Fig 10A3). Taken together, FP receptor blockade 

prevented the development of prolonged depolarization, accelerated repolarization, and 

shortened the cumulative duration of clustered, recurrent SDs. 

 

Figure 10. The impact of AL-8810 treatment on the electrophysiological features of spreading depolarization 

(SD). A, The transient, negative DC potential shift indicating SDs, triggered under continuous elicitation, is shown 

for each group (mean ± stdev). The rate of repolarization (A1), the duration at half amplitude (A2) and the area 

under the curve (AUC) (A3) of the negative DC potential shift are depicted in bar charts. Dots denote individual 

values. Statistical analysis relied on Mann-Whitney Rank sum test; **p<.01. 

The CBF response to SD consists of at least three distinct elements including a brief, early 

hypoperfusion, a subsequent, substantial hyperemia, and a final, long lasting oligemia12. The 

pharmacological augmentation of the CBF response to SD in the service of neuroprotection is 

a realistic goal, because insufficient hyperemia and especially the occurrence of spreading 

ischemia (i.e. the early hypoperfusion element of the CBF response overriding the hyperemic 

component) delays repolarization and reduces the viability of penumbra tissue10,13. 

The spatial resolution offered by LSCI in our experiments enabled a comprehensive analysis of 

the CBF response to SD. We concentrated our detailed analysis on recurrent SDs, which 

emerged as regular, transient negative DC potential shifts (amplitude>10 mV, duration<3 min) 

at the electrode implanted. First, with the aid of placing multiple regions of interest (ROIs) on 

the CBF videos (Fig. 11A), we noted that the kinetics of the CBF response associated to a given 
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SD may alter over the course of SD propagation. Hyperemic CBF response was most frequently 

encountered at the ROI positioned over the open cranial window incorporating the electrode 

(lateral in Fig. 11A–C; 92 and 100%, AL-8810 and vehicle). The CBF response to the same SD 

often escaped detection (“no CBF response”) at ROIs over the thinned parietal bone (anterior: 

31 and 48%, posterior: 35 and 26%, AL-8810 and vehicle). Finally, the CBF response 

transformed occasionally to hypoperfusion at the anterior ROI placed over the medial fronto-

parietal cortex, particularly in the control group (12 and 22%, AL-8810 and vehicle) (Fig. 11A–

B). 

The detailed, quantitative analysis of the hyperemic CBF responses revealed that AL-8810-

treatment elevated baseline CBF prior to SD (e.g. lateral ROI: 73.0±13.8 vs. 56.8±6.3%; AL-

8810 vs. vehicle), and therefore augmented the absolute amplitude of the SD-coupled 

hyperemia, as well (e.g. lateral ROI: 104.1±25.0 vs. 76.0±8.6%, AL-8810 vs. vehicle) (Fig. 

11D). Further, AL-8810 treatment attenuated hypoemic CBF responses, which was reflected 

by the smaller relative amplitude of the hypoperfusion transients (−5.4±1.7 vs −14.0±1.8 pp., 

AL-8810 vs. vehicle) (Fig. 11E). Also, progressive perfusion deficit during continuous SD 

elicitation was less prominent in the AL-8810 treated group compared to control, resulting in 

higher CBF prior to the initiation of reperfusion (68.2±14.5 vs. 58.6±9.6%, AL-8810 vs. 

vehicle). Finally, the rate of propagation of the SD coupled CBF response was accelerated under 

AL-8810 treatment compared to the control condition (3.0±0.7 vs. 2.4±0.5 mm/min, AL-8810 

vs. vehicle) (Fig. 11F). Together these data demonstrate that AL-8810 treatment increased CBF 

in the ischemic cerebral cortex, and counteracted transient CBF reduction with SD. 



31 

 

 

Figure 11. The impact of AL-8810 treatment on the cerebral blood flow (CBF) response to spreading 

depolarization (SD) under continuous elicitation. A, A representative CBF map obtained with laser speckle 

contrast imaging demonstrates the 3 regions of interest (ROI), at which CBF variations were extracted: the lateral, 

the anterior, and the posterior parietal cortex. The asterisk denotes the position of the glass capillary electrode 

implanted. B, Representative hyperemic and hypoemic CBF responses to SD recorded from a control (black) and 

an AL-8810 treated (blue) animal. C, The table gives an overview of the occurrence of CBF response types relative 

to all events at the distinct ROIs in the two experimental groups. Statistical association between ROI position and 

CBF response type was analyzed with a Pearson Chi- Square Test (p<.01**). D, Baseline CBF prior to SD 

occurrence and the absolute amplitude of peak hyperemia coupled to SD in the anterior, lateral and posterior 

parietal cortex. The base of each bar is set to the CBF level preceding the SD events. E, The relative amplitude of 

hypoperfusion. F, The average rate of propagation of SDs calculated from the CBF maps for each group. Data in 

D-F are given as mean ± stdev; spehrical symbols in E-F represent individual values. Statistical analysis relied on 

a repeated ANOVA (D) or Mann-Whitney Rank sum test (E–F); p<.05* and p<.01**. The number of events 

analyzed is indicated in each bar. (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 

3.2.3. Alpha-to-delta ratio 

Lowering electrocorticographic alpha-to-delta ratio (alpha power/ delta power, ADR) has been 

proposed as a sensitive and selective tool to predict the evolution of delayed cerebral ischemia 

after aneurismal subarachnoid hemorrhage88,89,90. In addition, delayed cerebral ischemia has 

been linked to SD9,91. Therefore, we calculated ECoG power for alpha (8–13 Hz) and delta (1–

4 Hz) frequency bands and expressed ADR for 4 selected time points over the experimental 

protocol (Fig. 12A1). As expected, ADR taken prior to ischemia induction and the initiation of 

AL-8810 treatment was comparable for the two experimental groups (0.67±0.20 and 0.63±0.29; 

AL-8810 and vehicle). ADR remained similar 30 min after the induction of ischemia and the 

administration of AL-8810 (0.81±0.36 and 0.65±0.26; AL 8810 and vehicle). After the 

controlled elicitation of two SDs, ADR reduced in both experimental groups equally (0.45±0.23 

and 0.36±0.22; AL-8810 and vehicle). Finally, 5 min after the initiation of reperfusion and the 
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cessation of clusters of recurrent SDs, ADR increased selectively in the AL-8810 treated group 

(0.66±0.29 vs. 0.35±0.17; AL-8810 vs. vehicle) (Fig. 12A2). Thus, ADR – a perceived 

predictor of late ischemic injury – was improved during early reperfusion by AL-8810 

treatment. 

 

Figure 12. The impact of AL-8810 treatment on the alpha/delta ratio (ADR). A1, Representative direct current 

(DC) potential traces and the corresponding electrocorticogram (ECoG) of a control (black) and an AL-8810 (blue) 

treated animal. Note the typical depression of the ECoG with each spreading depolarization (SD). The ratio of the 

power of the frequency bands alpha and delta was calculated before the induction of cerebral ischemia (a), before 

the controlled elicitation of the 1st SD (b), before continuous SD elicitation (c), and after reperfusion initiation (d). 

A2, ADR for the selected segments of the ECoG recordings. Statistical comparison relied on a repeated measures 

ANOVA (factor: treatment; p < .01**). Pairwise comparisons for each time point were conducted with one-way 

ANOVA; *p < .05, AL-8810 vs. respective control. Sample size is indicated in each bar. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 

3.2.4. Neuroprotection achieved with AL-8810 

Cleaved caspase-3 (CC3) has been a widely accepted apoptosis marker in the nervous tissue92, 

which can be detected confidently 3 h after the onset of reperfusion93,94. 

Accordingly, we collected brain samples 3 h after the initiation of reperfusion to assess the 

neuroprotective potential of AL-8810. CC3-positive apoptotic cells were observed in striatal, 

hippocampal and cortical areas in both experimental groups, albeit to a lesser degree in the AL-

8810-treated animals (Fig. 13A-B1). The immunofluorescent colocalization of CC3 with NeuN 

and GFAP revealed that both neurons and astrocytes were engaged in apoptosis (Fig. 13B2). 

With the anticipation of more extensive apoptosis in the hemisphere ipsilateral to SD elicitation, 

the number of CC3-immunopositive cells was normalized to the contralateral side. The 

quantitative approach suggested a significant neuroprotective effect of AL-8810 shown by the 

reduction of CC3 positive cell numbers in the ipsilateral relative to the contralateralhemisphere 

(e.g. somatosensory and occipital cortices: 94.4±12.6% vs. 112.9±7.0%; 104.3±17.6% vs. 

125,7±17,7%, respectively, AL-8810 vs. vehicle) (Fig. 13C). Overall, AL-8810 treatment 

appeared to offer detectible neuroprotection measured early after ischemia/reperfusion 

induction. 
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Microglia activation is a rapid neuro-inflammatory response to injury, which was previously 

suppressed with AL-8810, assessed days after experimental traumatic brain injury46. We have 

observed intensive Iba1 immuno-labeling in the tissue samples (Fig. 13D). While the number 

of labeled microglia was similar in the two hemispheres irrespective of treatment (31±7 and 

28±6, contraand ipsilateral), their arborization was less dense in the ipsilateral hemisphere 

indicative of their increased activation (ramification index: 112.7±55.4 vs. 174.2±73.8, ipsi- vs. 

contralateral). The administration of AL-8810 did not exert any discernable impact on the 

ramification of microglia processes (ramification index: 148.6±63.8 and 138.3±80.3, control 

and AL-8810) (Fig. 13D-E). 

 

Figure 13. Neuroprotection achieved by FP receptor antagonism in the rat brain. A, Schematic coronal brain slices 

demonstrate gray matter regions in the ipsilateral (IL, spreading depolarization elicitation on the background of 

ischemia) and contralateral (CL, ischemia alone) brain hemispheres, in which cleaved caspase-3 (CC3) positive, 

apoptotic cells were quantitated: the striatum, the dentate gyrus of the hippocampus, and somatosensory parietal 

and occipital cortical areas (Som. and Occ. cortex, respectively). B1, Representative photomicrographs taken of 

the occipital cortex ipsilateral to SD elicitation. B2, Fluorescent co-localization of CC3 labelling with the cell 

nuclei (DAPI) of NeuN positive neurons (top) or GFAP-positive astrocytes. C, Ratio of CC3-positive cells. Data 

are given as mean ± stdev; sample size is given in each bar; statistical analysis was conducted using repeated 

measures ANOVA with treatment as a factor (**p < .01). D, Representative images of Iba1 immunolabeled 

microglia. Photomicrographs were taken of the somatosensory cortex at −3.14 mm from bregma. E, Microglial 

activation represented by the ramification of microglia. Data are given as mean ± stdev; sample size is given in 

each bar; statistical analysis was conducted using a two-way ANOVA model with lateralization and treatment as 

factors (*p < .05). 

3.2.5. FP-receptor co-localization 

FP receptors have been previously identified in brain synaptosomes and microvessels in 

newborn and adult pigs95,96, and cultured rat astrocytes97. Here we set out to visualize FP 
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receptor presence on neuronal, glial (astrocyte and microglia) and cerebrovascular (endothelial 

and smooth muscle cell) compartments as potential sites of AL-8810 action. 

The co-localization of FP receptors with NeuN and GFAP confirmed the localization of FP 

receptors predominantly in the nuclear envelope of neurons (Fig. 14A), as well as in the 

perikaryon and perivascular endfeet of astrocytes (Fig. 14B1-2). In addition, we observed a 

robust colocalization of FP receptors with Iba1-labeled microglia (Fig. 14C). The presence of 

FP receptors was also obvious in claudin-labeled cerebromicrovascular endothelial cells. 

However, we were not able to detect FP receptors unequivocally in α-actin-labeled 

cerebrovascular smooth muscle cells. In summary, FP receptor expression has been confirmed 

in both neuronal, glial and vascular elements in the rat brain. 

Figure 14. The cellular 

localization of FP receptors in 

the rat brain in representative 

fluorescent confocal 

microscopic images. A, FP 

receptors are associated to the 

nuclear envelope of neuronal 

nuclear protein (NeuN)-

positive neurons, B1, FP 

receptors are localized in the 

cytoplasm of astrocytes 

labeled with glial fibrillary 

acidic protein (GFAP). B2, FP receptors are seen on GFAP-positive perivascular astrocytic endfeet. The vascular 

lumen is labeled with an asterisk. C, The co-localization of FP receptors with the microglia marker ionized 

calcium-binding adapter molecule (Iba1). 

3.3. Putative Sig-1R agonism with DMT 

3.3.1. Physiological variables 

Blood gases varied in the physiological range throughout the experimental protocol, yet these 

physiological variables significantly shifted over the reperfusion period with respect to baseline 

and ischemia/hypoxia. In particular, by the end of the reperfusion period, blood pH showed a 

decreasing tendency (pH 7.27±0.17 vs. 7.31±0.11 and 7.3±0.12, reperfusion vs. baseline and 

ischemia/hypoxia; F=2.525, p<0.085), pCO2 noticeably increased (42.3±13.6 vs. 33.2±7.6 and 

34.3±10.5 mmHg, reperfusion vs. baseline and ischemia/hypoxia; F=9.102, p<0.0003**) and 

pO2 decreased (99.6±24.3 vs. 111.2±17.0 and 108.4±26.6; F=3.534, p<0.033*). 

MABP values confirmed sufficiently deep anesthesia. MABP slightly elevated during ischemia 

(83±8 vs. 77±4 mmHg, ischemia vs. baseline) and fell due to transient hypoxia (to 66±8 

mmHg), at no statistical significance over the experimental protocol (F=3.349, p<0.127). DMT 
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application had no discernable impact on MABP (F=0.125, p<0.738) (Fig. 15A). Heart rate was 

stable throughout the experimental protocol (e.g. vehicle group: 331±27, 327±41 and 319±43 

bpm, baseline, ischemia and reperfusion; F=0.012, p<0.918). DMT elevated heart rate slightly 

but not significantly (e.g. reperfusion: 344±19 vs. 319±43 bpm, DMT vs. vehicle; F=1.290, 

p<0.307). 

Any consequence of DMT application on baseline CBF variation was also considered. After 

ischemia induction, CBF dropped sharply and then stabilized at 40.3±4.8 % prior to SD1, and 

at 34.2±10.1 % prior to the induction of transient hypoxia in the vehicle-treated group (Fig. 

16B). With hypoxia, perfusion decreased further (to 28.3±5.4 %). Reactive hyperemia was not 

obvious as reperfusion was imposed; instead, CBF peaked at 70.1±17.8 %. DMT did not alter 

baseline CBF at any time point or condition considered (Fig. 16B). 

 

Figure 15. Mean arterial blood pressure (A) and cerebral blood flow (B) variations over the experimental protocol. 

Data are given as mean±stdev. A repeated measures model was used for statistical analysis (p<0.05* and p<0.01**) 

MABP-mean arterial blood pressure; CBF-cerebral blood flow. 

3.3.2. The impact of DMT on the evolution of spreading depolarization 

As the suppression of spontaneous, recurrent SDs by pharmacological means has emerged as a 

promising target in ischemic neuroprotection98,99,100, we have sought to explore the SD limiting 

potential of DMT. We have also aimed to tackle by pharmacological means whether DMT 

action may be achieved via Sig-1R activation. 

The amplitude of SD was reduced at the presence of DMT significantly (-16.5±4.1 vs. -20.1±1.3 

mV, DMT vs. vehicle) (Fig. 16A-B). Likewise, the rate of depolarization proved to be also 

slower in the DMT-treated group with respect to control (-2.62±1.28 vs. -3.48±0.94 mV/s, 

DMT vs. vehicle) (Fig. 16C). Finally, the cumulative duration of SD events was shortened in 

the DMT treated group (140±38 vs. 191±42 s, DMT vs. vehicle) (Fig. 16D). 
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The share of Sig-1R activation in DMT-linked SD attenuation was explored by the application 

of a highly selective Sig-1R agonist PRE-084, or the use of a Sig-1R antagonist NE-100 alone 

or in combination with DMT. At the presence of PRE-084, the DMT-related reduction of SD 

amplitude and slower rate of depolarization were replicated (i.e. amplitude: -16.2±5.6 vs. 

- 20.1±1.3 mV, PRE-084 vs. vehicle; rate of depolarization: -2.26±1.06 vs. -3.48±0.94 mV/s, 

PRE-084 vs. vehicle) and the cumulative duration of SDs also tended to be shorter (149±31 vs. 

191±42 s, PRE-084 vs. vehicle) (Fig. 16B-D). NE-100 alone did not cause any notable change 

in SD amplitude, rate of depolarization or cumulative duration (e.g. amplitude: -18.7±2.6 vs. -

20.1±1.3 mV, NE-100 vs. vehicle) (Fig. 16B-D). In contrast with DMT applied alone, the co-

application of NE 100 and DMT did not achieve any meaningful reduction of SD amplitude (-

19.2±4.5 vs. -20.1±1.3 mV, NE-100+DMT vs. vehicle) or depolarization rate (-3.06±1.18 vs. -

3.48±0.94 mV/s, NE-100+DMT vs. vehicle) or cumulative duration (220±12 vs. 191±42 s, 

NE- 100+DMT vs. vehicle), either (Fig. 16B-D). 

Next, we considered the possibility that DMT may activate 5-HTRs54 and thereby inhibit SD101. 

To this end, we administered the broad spectrum 5-HTR antagonist asenapine102 alone or co-

applied with DMT. The amplitude of SD was significantly greater at the presence of asenapine 

alone as compared with vehicle (-22.6±2.6 vs. -20.1±1.3 mV, asenapine vs. vehicle). The co-

application of DMT with asenapine re-established SD amplitude to control level (-19.1±1.3 vs. 

-22.6±2.6 mV, asenapine+DMT vs. asenapine) (Fig. 16B). These data collectively suggest that 

the SD-suppressing action of DMT was likely realized, at least in part, via Sig 1R activation. 

 

Figure 16. The impact of pharmacological treatments on the electrophysiological features of spreading 

depolarization (SD). A, Representative traces of spreading depolarizations from vehicle, DMT and NE100+DMT 

treated animals. B, The amplitude of the DC shift in each experimental group. C, The rate of depolarization in each 

experimental group. D, The cumulative duration at half amplitude in each experimental group. In B, C and D, data 

are given as mean±stdev. The number of events analyzed is indicated in each bar. Statistical analysis relied on 

one-way ANOVA paradigm followed by a least significant difference (LSD) post hoc test (p<0.05* and p<0.01** 

vs. vehicle alone, p<0.05$ vs. DMT/PPRE-084 in vehicle, p<0.01## vs. asenapine alone). 

Of the three subsequent elements of the CBF response to SD (i.e. brief transient hypoperfusion, 

transient peak and late hyperemia, and long-lasting oligemia)12 our analysis predominantly 
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focused on the phase of hyperemia, which evolved reliably with each SD (Fig. 17A). We 

narrowed down our analysis to recurrent SDs, because the kinetics of the CBF response to the 

first SD in a train is substantially different from the response given to recurrent SDs12,85 (Fig. 

17A). 

In our experiments, the CBF response to recurrent SDs appeared to be resistant to all of the 

used pharmacological agents, including DMT or the selective Sig-1R agonist PRE-084. Like 

other parameters (i.e. amplitude or duration of hyperemia), the magnitude of hyperemia 

characterized by the area under the curve was similar across various treatment regimes (Fig. 

17B). 

Figure 17. The impact of pharmacological treatments on the cerebral 

blood flow (CBF) response to spreading depolarization (SD). A, A 

trace representative of the vehicle group depicts the CBF response to 

the first (SD1) and recurrent SDs (rSD), as acquired with laser-

Doppler flowmetry. B, The area under the curve (AUC) of the 

hyperemic component of the CBF response. Data are given as 

mean±stdev; The number of events analyzed is given in each bar. 

Statistical analysis relied on a one-way ANOVA model (p<0.05*). 

 

 

 

 

3.3.3. Neuroprotection achieved with DMT and Sig 1R co-localization 

Neuronal survival has been characterized by the surface area occupied by NeuN-labeled 

neurons relative to the full field of view, in the somatosensory cortex and the hippocampus (Fig. 

18A). With respect to naïve animals, no significant difference in NeuN immunopositivity was 

noted due to ischemia/hypoxia/reperfusion (e.g. somatosensory cortex: 19.9±1.9 vs. 

19.3±1.4 %, vehicle vs. naive). Neuronal loss that might have been associated with SD was not 

found, either (e.g. somatosensory cortex: 19.5±3.1 vs. 20.2±3.2 %, ipsi- vs. contralateral side 

to SD). Finally, DMT treatment exerted no meaningful effect on NeuN labeling (e.g. 

contralateral somatosensory cortex: 17.4±2.0 vs. 19.9±1.9 %, DMT vs. vehicle). 

As neurons in the hippocampus CA1 and dentate gyrus (DG), the most vulnerable regions to 

ischemia are packed with pericarya so tightly that NeuN staining may not reveal individual cell 

loss, we labeled cells engaged in apoptotic cell death with CC3 immunostaining (Fig. 18D). 

Sections from naïve animals were virtually devoid of CC3-positive cells (i.e. DG: 163±14 

CC3+ cells per mm2), while CC3 labeled cell bodies were obvious in the cortex, hippocampus 
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CA1 region, and particularly in the DG after ischemia/hypoxia/reperfusion in the vehicle group 

(DG: 1649±278 CC3+ cells per mm2) (Fig. 18D). The aggravation of apoptosis by recurrent 

SDs was anticipated in the cortex, where SDs propagated103, but no lateralization of CC3 cell 

count was detected (vehicle group: 106±46 vs. 104±67 CC3+ cells per mm2, ipsi- vs. 

contralateral). For this reason, CC3+ cell counts obtained from the two hemispheres were 

averaged for each region. Importantly, significantly fewer CC3 labeled apoptotic cells were 

counted in the DMT-treated compared to vehicle-treated animals in the somatosensory cortex 

(66±33 vs. 105±56 CC3+ cells per mm2, DMT vs. vehicle), hippocampal CA1 region (532±268 

vs. 893±249 CC3+ cells per mm2, DMT vs. vehicle) and DG (1367±311 vs. 1649±278 CC3+ 

cells per mm2, DMT vs. vehicle) (Fig. 18D). 

In addition to apoptosis, ischemic/hypoxic stress may induce ferroptosis, an alternative pathway 

of programmed cell death that has been recognized recently104,105. The typical hallmark of 

ferroptosis is the iron-dependent accumulation of lipid hydroperoxides, hence the cellular 

process can be detected by 4-HNE immunohistochemistry106. Representative cases have 

testified that our experimental protocol induced ferroptosis in selected neurons, particularly in 

the hippocampus, which was suppressed by DMT treatment (Fig. 18E). 

Because astrocytes have been widely known to support neuronal function under ischemia107, 

and GFAP-positive protoplasmic astrocytes may become selectively vulnerable to ischemic 

conditions108, we have explored whether DMT has the potential to protect astrocytes. We used 

GFAP immunocytochemistry to label astrocytes (Fig. 18B). The relative area occupied by 

GFAP immunolabeled compartments considerably decreased after 

ischemia/hypoxia/reperfusion compared to naive animals, which reduction was counteracted 

by DMT-treatment in the cortex and striatum (cortex: 3.2±1.9 vs. 1.5±0.3 vs. 4.7±0.9 %, 

striatum: 2.3±1.1 vs. 0.9±0.2 vs. 3.2±1.6 %, DMT vs. vehicle vs. naive), but not in the 

hippocampus (i.e. CA1 stratum oriens 10.6±4.9 vs. 11.1±5.8 vs. 15.5±2.7 %, DMT vs. vehicle 

vs. naive) (Fig. 18B). 

Ischemic insults trigger microglial activation and neuroinflammatory reaction that may be 

modulated via Sig 1Rs60,109. In the cerebral cortex ipsilateral to the craniotomies and SD 

initiation, decreasing microglial arborization was expected to denote the amplification of 

microglial activation81,99. The current data confirm the previous observations by showing less 

dense microglia ramification in the ipsilateral cortex compared to the contralateral side (vehicle 
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group: 106.6±50.5 vs. 194.3±95.6, ipsi- vs. contralateral) (Fig. 18C). Yet, the administration of 

DMT did not exert any distinguishable effect on the microglial ramification index (i.e. 

ipsilateral cortex: 89.5±37.4 vs. 106.6±50.5 DMT vs. vehicle) (Fig. 18C). 

 

 

Figure 18. Representative light microscopic images of immuno-labeled sections and bar charts demonstrate 

neuroprotection achieved by DMT administration in cortical (sensory cortex and hippocampus) and subcortical 

gray matter (striatum). A, Results of NeuN immunohistochemistry. B, Changes in glial fibrillary acidic protein 

(GFAP)-positive astrocytes because of ischemia and DMT treatment. C, Microglial activation represented by the 

ramification of microglia. D, Difference in cleaved caspase-3 (CC3) positive apoptotic cell numbers in the granule 

cell layer of the dentate gyrus (DG) and the hippocampus CA1 region. Cell count is given for 1 mm2 surface area. 

E, Representative sections labeled for 4-hydroxynonenal (4 HNE) indicate ferroptotic cell death. In the bar charts 

of Panels A-D, data are presented as mean±stdev, sample size is given in each bar. Horizontal dotted lines indicate 

levels measured in naïve rats (n=3). Statistical analysis was conducted using a two-way ANOVA model with 

treatment and region (e.g. NeuN, GFAP, CC3), or side and treatment (Iba-1) as factors (p<0.05*; p<0.01**). 

Finally, to identify cell types that may be targeted by DMT, we co-localized Sig-1R with 

neurons, astrocytes and microglia with fluorescent immunocytochemistry in naïve rats. Sig-1Rs 

were expressed abundantly in neurons (Fig. 19A1), and were also associated with astrocytes 

(Fig. 19A2), and resting microglia (Fig. 19A3). 
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Figure 19. Immuno-labeled brain slices demonstrate the perinuclear localization of Sig 1R in NeuN-labeled 

cortical pyramidal cells (epifluorescent and confocal microscopic images; C1). In GFAP-positive astrocytes, Sig 

1R was seen in the perinuclear soma, and on processes (confocal microscopic image; C2). Both the soma and 

processes of Iba 1-labeled microglia were endowed with Sig 1Rs (confocal microscopic image; C3). 

4. Discussion 

4.1. Application of the novel dihydropyridine derivative LA1011 

The presented work investigated the potential neuroprotective effect of LA1011, a Hsp27 and 

Hsp70 co-inducer dihydropyridine derivative with no affinity to L-type voltage gated calcium 

channels35. 

4.1.1. LA1011 exerted no effect on baseline CBF and evoked potentials 

The baseline CBF remained unchanged after LA1011 administration in the anaesthetized rat in 

contrast with what is expected of other dihydripyridine derivatives (e.g. nifedipine, 

nimodipine). Dihydropyridines are widely know as L-type voltage-gated Ca2+ channel blockers 

which are abundant on cerebrovascular smooth muscle cells. Dihydropyridines inhibit calcium 

influx through these channels, leading to the hyperpolarization and relaxation of smooth muscle 

cells, and the reduction of vascular tone110. 

The current data demonstrate that LA1011 does not alter neuronal excitability in the intact 

cortex, which is consistent with the view that LA1011 increases Hsp expression only under 

stress conditions35. Further, LA1011 treatment did not restore EFP amplitude compromised by 

ischemia and did not improve the hyperaemic response impaired by ischemia, either. These 

results indicate that acutely administered LA1011 does not protect neuronal excitability or 

neurovascular coupling during the early phase of cerebral ischemia. 

4.1.2. LA1011 increased SD amplitude with no impact on the CBF response 

LA1011 treatment greatly enhanced the amplitude of SD, consistent in all experimental 

conditions created. The amplitude of SD stands in a strong, positive correlation with the 

extracellular concentration of potassium111,112, which would infer that treatment with LA1011, 
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an Hsp co‐inducer, may support cellular (possibly neuronal) potassium efflux with SD. Indeed, 

heat shock preconditioning preserved the diminishing potassium peak of recurrent 

depolarizations triggered by intermittent anoxia, and Hsp70 expression modulated potassium 

homeostasis throughout oxygen withdrawal in the drosophila brain113. Although it remains to 

be determined which potassium channels may be tuned by Hsp70 in the mammalian nervous 

system, the chaperon has been shown to activate potassium channels linked to the rise of 

intracellular calcium near the plasma membrane in cultured human promonocytes114 and to be 

involved in the assembly of specific voltage‐gated potassium channels located in cardiac 

muscle115. 

TNF-α is also known to reduce the amplitude of SD in a dose‐dependent manner116. 

Interestingly, the overexpression of Hsp70 - a target of LA1011 - was shown to suppress pro‐

inflammatory cytokine mRNA levels, including TNF-α in cultured, oxygen–glucose deprived 

(OGD) astrocytes117. Furthermore, up-regulation of Hsp70 decreased TNF-α expression and 

improved neurological outcome in a rodent model of intracerebral haemorrhage118. On the basis 

of these observations, it would be attractive to postulate that LA1011 increased SD amplitude 

possibly by the co-induction of Hsp70 to cause the downregulation of TNF α, which would 

normally limit the magnitude of SD. 

Although pharmacologically decreased SD amplitude is often interpreted as a sign of 

protection116, the lack of a clear-cut association between SD amplitude and histological or 

neurological damage imposed creates persistent controversies. On the other hand, the number 

of rSDs, the cumulative duration of SDs, and the inability of the tissue to recover from SD (i.e., 

long SD duration) have been shown to correlate with or be a sign of injury progression7,9,119. In 

this context, LA1011 proved to be ineffective, since SD duration was not altered under LA1011 

treatment. The mechanistic link between LA1011 treatment and SD remains, however, 

speculative, and the temporal profile of Hsp induction in the model used is also obscure. 

Therefore, further investigations are needed to explore the LA1011-related signalling that 

causes increasing SD amplitude. 

In case of the CBF response to SD, the experimental manipulations accentuated the element of 

late hyperemia in the SD-associated CBF response. On the basis of an original finding that 

L-arginine administration supported late hyperemia following SD120, late hyperemia was 

proposed to be NO dependent12. Since baseline CBF elevation by L-arginine can be linked to 
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increased endothelial NOS (eNOS) activity121, and ischemia apparently potentiates eNOS 

expression122, it is conceivable that the increased share of late hyperemia in the CBF response 

to SD was supported by increased eNOS activity in our ischaemic condition. Interestingly, 

Hsps, particularly Hsp90, have been implicated in the adjustment of vascular tone via 

modulating the production of the vasodilator NO123, and a recent report has shown LA1011 to 

bind Hsp90 and activate the ATPase activity of Hsp90124. A potential interaction between 

LA1011 and NO release to unravel late hyperemia in the SD-related CBF response may thus 

be mediated via Hsp90; however, the signalling cascade remains hypothetical due to the paucity 

of explicit experimental data. 

4.2. FP receptor inhibition with AL-8810 

Here we have explored the neuroprotective potential of the antagonism of the PGF2 FP 

receptor in experimental global forebrain ischemia/reperfusion exacerbated by recurrent SDs. 

4.2.1. FP-receptor antagonism improved perfusion in the ischemic cerebral cortex 

Our data demonstrate that the antagonism of the FP receptor suppressed SD in the ischemic rat 

cerebral cortex, reduced the duration of recurrent SDs by facilitating repolarization and 

augmented the recovery of ECoG during reperfusion. The ability of the nervous tissue to 

repolarize after SD is subject to the metabolic status of the brain region involved in SD 

evolution. The increasing severity of ischemia – and thus energy depletion of the tissue – leads 

to sodium pump dysfunction and the failure of active ion translocation between the intra- and 

extracellular compartments, and delays the recovery of the resting membrane potential once SD 

has occurred13. Since FP receptor antagonism in our experiments markedly improved the 

perfusion of the ischemic cerebral cortex, it is conceivable that SD duration was shortened in 

the AL-8810-treated animals because the tissue was metabolically less compromised. Indeed, 

FP receptors at the periphery have been previously implicated in the regulation of vascular 

tone125. The presence of FP receptors on vascular smooth muscle cells was suggested to be the 

anatomical basis for FP receptor linked vasoconstriction125. We have identified FP receptors 

associated with endothelial cells and perivascular astrocytic endfeet of the neurovascular unit, 

located at an ideal position to contribute to cerebrovascular tone adjustment. Considering the 

experimental data accumulated on PGF2α-FP receptor signaling in various vascular domains125, 

AL-8810 treatment in our study is suggested to have targeted – in part – the FP receptors 

identified at elements of the neurovascular unit. FP receptor antagonism with AL-8810 
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presumably counteracted PGF2α-linked vasoconstrictive tone, and, consequently, improved 

cerebrocortical blood flow. 

Spreading ischemia coupled to SD that propagates across vulnerable penumbra tissue has been 

considered particularly harmful4,13,126. We have observed a few events of spreading ischemia 

near the site of SD elicitation, which transformed to hyperemic CBF response along the 

direction of SD propagation, with the increasing distance from the SD focus. Spreading 

ischemia occurred near the site of SD elicitation possibly because of the close proximity of the 

local administration of high concentration KCl to evoke SDs, which has been shown to 

potentiate SD-related hypoperfusion112. The occurrence of spreading ischemia was less frequent 

under AL-8810 treatment, and flow reduction with the observed events in the AL-8810 group 

was considerably attenuated. This is considered as additional evidence for the vasoconstrictive 

role cerebrovascular FP receptors may fulfill in the mediation of the CBF response to SD. 

4.2.2. FP receptor antagonism suppressed SD and curtailed the related apoptotic cell 

death, but did not alter microglia activation 

The pharmacological inhibition of the FP receptors in our experiments could have contributed 

to neuroprotection by targeting neurons directly, as well. We have observed conspicuous FP 

receptor labeling co-localized with neurons, which is consistent with previous work that 

revealed the presence of FP receptors in synaptosome preparations or cultured neurons46,95. In 

support of the notion of direct neuroprotection by FP receptor antagonism, AL-8810 proved to 

sustain the viability of cultured neurons exposed to OGD, reduced the production of reactive 

oxygen species in OGD-stressed hippocampal slices, and suppressed the OGD-induced rise of 

intraneuronal Ca2+ concentration46. It is noteworthy that intracellular Ca2+ concentration 

increases considerably with SD itself, and may prove deleterious to neurons127. The Ca2+ 

overload with SD was previously prevented by the NMDA receptor antagonist ketamine23. In 

addition, the L-type voltage-gated Ca2+ channel blocker nimodipine shortened SD duration 

similar to that achieved with ketamin81,100. Therefore, it may well be, that a potential reduction 

of intracellular Ca2+ content by AL-8810 – as shown in neuronal cell culture46 – could have 

contributed directly to shortened SD duration, and the limitation of SD-related apoptosis as seen 

here. 

The impact of AL-8810 treatment on microglia was evaluated here, as well, because microglia 

were found to be richly endowed with FP receptors. Previously, cultured rat microglia were 
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shown not to express FP receptor mRNA97, yet, later investigation identified functional FP 

receptors on transformed human brain microglial cells128. Further, in a model of experimental 

traumatic brain injury, AL-8810 administration attenuated microglia proliferation days after the 

primary impact48. In our experiments, microglia activation proved to be enhanced in the cortex 

ipsilateral to SD recurrence and the open cranial window, in addition to that caused by ischemia 

alone. Our previous data have shown that the surgical procedure itself (i.e. craniotomy) causes 

microglia activation, and recurrent SDs enhance it further81, which amounts to the difference 

observed between the ipsi- and contralateral hemispheres in our preparations. AL-8810 did not 

alter microglia activation at this time point after the primary insult (i.e. 5 h after ischemia onset, 

and 3h after the occurrence of recurrent SDs). This suggests that even though microglia 

abundantly express FP receptors, these may not be functionally linked to microglia activation 

by endogenous PGF2α in the acute/subacute phase of cerebral ischemia. 

4.3. Putative Sig-1R agonism with DMT 

The objective of our current study was to explore whether DMT administration achieves 

neuroprotection via Sig-1R activation in the acute phase of experimental, transient, cerebral 

forebrain ischemia, aggravated by the recurrent induction of SDs and a subsequent transient 

hypoxic episode. 

4.3.1. DMT did not alter the monitored physiological variables 

The impact of DMT treatment on physiological variables was screened comprehensively, 

because single intravenous doses of DMT have been reported to cause sympathetic activation, 

and to prominently increase blood pressure and heart rate within minutes after administration129. 

In our experiments, DMT exerted no obvious impact on cardiovascular or cerebrovascular 

function, which may be attributed to the continuous, slow infusion of DMT (rather than a bolus 

application), controlled anesthesia, or their combination. The absence of apparent cardio- or 

cerebrovascular effects in our study proved to be favorable, as the neuroprotective potential of 

DMT could be assessed free of any marked changes in physiological variables. 

4.3.2. DMT attenuated SD possibly throug Sig-1R activation, with no effect on CBF 

responses 

In our current experiments, SD amplitude, the rate of depolarization and cumulative SD 

duration were reduced under intravenous DMT administration, exhibiting the SD limiting 
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impact of DMT. Further, the application of the selective Sig-1R agonist PRE-084 reproduced 

the SD hampering action of DMT, and the Sig-1R antagonist NE-100 co-applied with DMT 

diminished the DMT-related SD inhibition. These results collectively suggest that DMT may 

impede SD evolution by Sig-1R activation. The implication of Sig-1Rs is supported by previous 

reports demonstrating that dextromethorphan or carbetapentane – two ligands known as Sig-1R 

agonists – reproducibly and reliably blocked SD occurrence in live brain slice 

preparations130,131,132. 

Recurrent SDs may accelerate ischemic lesion maturation because SD is associated with an 

intracellular rise of calcium23,133, which potentially contributes to the calcium overload known 

to initiate ischemic neurodegeneration134. Indeed, the non-competitive NMDA receptor 

antagonist ketamine inhibited SD evolution with a concomitant reduction of neuronal calcium 

content in brain slice preparations23, and voltage-gated calcium channel blockers reduced SD 

amplitude in anesthetized rats100,135, similar to that seen here. Intriguingly, Sig-1R agonism was 

shown to attenuate the NMDA receptor activation-linked calcium response in cultured 

neurons136, and to depress calcium currents with a corresponding inactivation of neuronal 

voltage-gated calcium channels137. On the basis of these and our experimental data together, we 

postulate that DMT in our experiments possibly inhibited SD via Sig-1R-linked modulation of 

intracellular calcium homeostasis. 

The suggestion that DMT predominantly achieved SD inhibition by Sig-1R activation – rather 

than through 5-HTR binding138,139 – is also substantiated by our finding that DMT counteracted 

the SD potentiating effect of asenapine, an antagonist of multiple 5-HTRs102. In other words, 

when 5-HTRs were occupied by asenapine, DMT still reduced SD amplitude with respect to 

the condition when asenapine was given alone. Of note, our results that 5-HTR antagonism 

increased SD amplitude are complementary to previous reports showing that ablation of the 

dorsal raphe serotonergic neurons accelerated SD propagation in the cerebral cortex140, 

electrical stimulation of the dorsal raphe or the administration of sumatriptan, a 5-HT1D 

receptor agonist decelerated SD101, and sumatriptan also suppressed SD evolution in 

experimental focal cerebral ischemia141. Thus, serotonergic activity appears to restrain SD, and, 

conversely, serotonergic deficiency may augment SD. 

Finally, we evaluated the impact of the pharmacological treatments on the CBF response to SD, 

especially because it is unknown whether and how DMT might alter neurovascular coupling. 
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Another consideration has been that the CBF response to SD in the hypoperfused cerebral 

cortex is understood to be insufficient to meet the metabolic demand of the nervous tissue13,142, 

therefore the pharmacological enhancement of the SD-associated CBF response may support 

neuronal survival in tissue at risk99,126. DMT treatment in our experiments, however, did not 

alter the SD-related hyperemia. Furthermore, none of the other agents used (the Sig-1R agonist 

PRE-084, the Sig-1R antagonist NE-100 or the 5-HTR antagonist asenapine) proved to be 

effective at modulating the SD-associated CBF response in any meaningful way. The 

implication of Sig-1R in the mediation of the SD-associated hyperemia has been previously 

unattended, and our current results do not support the notion that Sig-1R signaling may augment 

the SD-related CBF response – at least not under ischemic conditions. On the other hand, the 

5-HT1D/1B receptor agonist zolmitriptan increased, while the 5-HT2A/2C receptor antagonist 

ritanserin attenuated the amplitude of hyperemia in the optimally perfused cerebral cortex143. 

The general 5-HTR antagonist asenapine would then be expected to curb the hyperemic 

response to SD, but exerted no effect. The condition that SDs occurred here in ischemic tissue 

could have possibly overridden physiological blood flow regulation with SD27 – indeed, 

ischemia is known to impair neurovascular coupling144. Taken together we assume that Sig-1R 

or 5-HTR-based modulation of the CBF response to SD in the ischemic cerebral cortex proves 

to be ineffective. 

4.3.3. DMT promoted cell survival via Sig-1Rs indentified in various CNS cell types 

Several groups have reported independently that Sig-1R agonism successfully reduced infarct 

size estimated 24 hours or a number of days after an episode of experimental focal cerebral 

ischemia26,61,70,71. Therefore, we proceeded to investigate the neuroprotective potential of DMT 

at histological level as early as 2 hours after ischemia induction and 1 hour after reperfusion 

initiation. In our experiments, NeuN staining did not reveal significant loss of neurons, possibly 

because the end point was too early to detect massive neurodegeneration (i.e. infarct 

maturation), and the staining is too dense to be sensitive for the selective loss of scattered, 

individual cells. However, the network of GFAP-positive astrocytes became remarkably sparser 

after ischemia/reperfusion as compared to naïve samples. This is consistent with the loss of the 

GFAP signal and swelling of protoplasmic astrocytes in the first hours after the onset of 

experimental focal cerebral ischemia, suggestive of astrocyte dysfunction108. Importantly, the 

GFAP signal has been partially restored in our experiments when DMT was administered, and 



47 

 

Sig-1R co-localized with astrocytes, which is complementary to a previous report 

demonstrating that Sig-1R agonism augmented astrocyte survival screened 96 hours after 

ischemia onset145. These results indicate that DMT preserved the integrity of the astrocyte 

network – and presumably function – by Sig-1R receptor activation.  

The labeling of microglia replicated our previous results that microglia activation – 

characterized by the less dense arborization of microglial processes – appeared more 

pronounced in the cortex ipsilateral to SD elicitation81,99. As we argued previously, the 

recurrence of SDs and the procedure of trepanation both contribute to the enhanced activation 

of microglia81,99. DMT has emerged to curtail inflammatory responses, substantiated by the 

reduced production of pro-inflammatory cytokines by provoked human primary monocyte-

derived dendritic cells63, and the lower pro-inflammatory cytokine serum levels in rats suffering 

of stroke61. Moreover, Sig-1R agonism with 1,3-di-(2-tolyl)guanidine (DTG) inhibited the 

activation and cytokine release of cultured microglia provoked by endotoxin146. These data and 

the expression of Sig-1R in microglia61 led to the assumption that DMT treatment may target 

microglia. Yet, in the current experiments, DMT had no discernable impact on microglia 

activation. Likewise, Sig-1R activation achieved no change in Iba-1 immuno-labeling and 

cerebral cytokine production in a focal cerebral ischemia model147. Taken together, we propose 

that DMT treatment may suppress the activation of dendritic cells or microglia provoked with 

direct inflammatory stimuli in culture, but may not be as potent to inhibit microglia activation 

caused by ischemia or SD in anesthetized rodents. 

Apoptotic cell death has emerged as an especially relevant target to investigate, because Sig-1R 

agonism has been revealed to suppress ER stress-related apoptosis70,71,72. Concurring with the 

evidence that DMT activates Sig-1Rs67, and in line with the above data on the anti-apoptotic 

effect of Sig-1R activation, DMT treatment reduced here the number of CC3-positive apoptotic 

cells, especially in the hippocampus. On the basis of their histological position, a fraction of 

these cells must have been neurons, which cell type is endowed with Sig-1Rs. In addition, our 

qualitative approach showed that DMT reduced ferroptosis, as well. It is a novel observation, 

consistent with the finding that Sig-1R activation or overexpression inhibits the generation of 

reactive oxygen species68. 
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5. Main observations and conclusions 

 We have presented novel findings that LA1011 increased SD amplitude which is 

probably linked to its Hsp co-inducer effect. Current study appears to confirm the Hsp 

co-inducer and possibly anti‐inflammatory potential of LA1011 during stress to the 

nervous tissue. Previous data35,124 and those of ours together suggest that LA1011 may 

be considered to counteract neurodegeneration, with no major, concomitant impact on 

vascular tone or neurovascular coupling. 

 Antagonism of the FP receptor suppressed SD in the ischemic rat cerebral cortex, 

decreased the duration of recurrent SDs, increased repolarization, and augmented the 

recovery of ECoG during reperfusion. Parallel with the neurophysiological actions, FP 

receptor antagonism improved perfusion in the ischemic cerebral cortex, and attenuated 

hypoemic CBF responses associated with SD. Further, FP receptor antagonism 

appeared to decrease apoptotic cell death. Collectively, these findings are 

complementary to a number of previous reports of a research group, which presented 

that the pharmacological antagonism or genetic knock-out of FP receptors reduced 

ischemic infarct volume and improved functional outcome in preclinical models of 

ischemic or traumatic brain injury45,46,48. 

 Here we present novel observations that DMT administered with therapeutic purpose in 

the early phase of cerebral ischemia impedes the evolution of recurrent SDs, which are 

known to jeopardize the survival of viable penumbra tissue in ischemic stroke4,141. 

Further, we demonstrate that DMT protects astrocytes against ischemic injury, and 

suppresses ischemia/reperfusion-related apoptosis in the nervous tissue. As an original 

observation, we show that DMT appears to counteract ferroptotic cell death linked to 

oxidative stress. Finally, we have accumulated compelling evidence that DMT most 

likely achieves its neuroprotective effect via Sig-1R activation. The beneficial effects 

of DMT manifested at regular cardiovascular function and unrestored cerebral 

perfusion. Overall, our data support the notion, that the timely administration of DMT 

may be considered as an adjuvant pharmacological therapy in the treatment of acute 

cerebral ischemic injury148. 

Recurrent SDs propagating over cerebrocortical zones under metabolic stress have been 

increasingly more appreciated as the electrophysiological correlate of and pathophysiological 
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contributor to ischemic injury progression10,13. Options for the pharmacological restriction of 

SD occurrence in acute brain injury patients have been, therefore, explored and debated 

intensively17,24,149,150. The clinical evidence gathered so far supports the inhibition of SD with 

the non-selective NMDA receptor antagonist and sedative agent ketamine24,151, and 

experimental research has identified the L-type voltage-gated Ca2+ channel blocker nimodipine, 

as an additional, promising candidate for SD restriction81,100,149,152. Here we set out to assess 

three possible ways to diminish SD in three different pathways: with the new dihydropyridine 

derivative which lacks L-type voltage-gated Ca2+ channel blocking effect LA1011, the FP-

receptor antagonist AL-8810 and the endogenous Sig-1R agonist DMT. Our current 

experiments suggest that prostaglandin signaling and the activation of Sig-1R with DMT may 

be considered as an alternative or complementary target for intervention with therapeutic 

potentials. 
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6. Summary 

Background: Spontaneous, recurrent spreading depolarizations (SD) are increasingly more 

appreciated as a pathomechanism behind ischemic brain injuries. Hence, the pharmacological 

inhibition of SDs is the subject of growing interest. Here, we set out to explore the SD 

suppressive potential of three distinct pharmacological agents. First we evaluated the action of 

LA1011, a novel of dihydropyridine derivative, which acts as a co-inducer of heat shock 

proteins, but is devoid of calcium channel antagonistic and vasodilator effects. Next, we applied 

AL-8810, a selective FP receptor antagonist to test the hypothesis that FP receptor blockade 

may achieve neuroprotection by the inhibition of SD, and possibly improve cerebral blood flow 

(CBF) in the ischemic rat cortex. Lastly, the endogenous hallucinogen and non-selective 

sigma-1 receptor (Sig-1R) agonist dimethyltryptamine (DMT) was used. DMT exerts tissue 

protective effects against hypoxia, but it was to be explored whether DMT was effective to 

reduce cerebral ischemic injury. 

Methods: Rats were treated with LA1011 either by chronic, systemic, or acute, local 

administration. In the latter treatment group, global forebrain ischemia was induced in half of 

the animals by bilateral common carotid artery occlusion under isoflurane anaesthesia. 

Functional hyperemia in the somatosensory cortex was created by mechanical stimulation of 

the contralateral whisker pad under α‐chloralose anaesthesia. SD events were elicited 

subsequently by 1 M KCl. Local field potential and CBF in the parietal somatosensory cortex 

were monitored by electrophysiology and laser Doppler flowmetry. AL-8810 or its vehicle were 

intravenously administered to anesthetized rats with acute cerebral ischemia/reperfusion 

exacerbated with recurrent SD induction. In this set of experiments, CBF was monitored with 

laser speckle contrast imaging. Finally, in a similar experimental model of 

ischemia/hypoxia/reperfusion, DMT, or the selective Sig-1R agonist PRE-084, or the Sig-1R 

antagonist NE-100, or the wide range serotonin receptor antagonist asenapine were 

administered alone or in combination intravenously. 

Results: LA1011 did not alter CBF, but intensified SD, presumably indicating the co‐induction 

of heat shock proteins, and, perhaps an anti-inflammatory effect. The antagonism of FP 

receptors suppressed SD in the ischemic rat cerebral cortex and reduced the duration of 

recurrent SDs by facilitating repolarization. In parallel, FP receptor antagonism improved 

perfusion in the ischemic cerebral cortex, and attenuated hypoemic CBF responses associated 
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with SD. Further, FP receptor antagonism appeared to restrain apoptotic cell death related to 

SD recurrence. Both DMT and PRE-084 reduced SD amplitude, the rate of depolarization, and 

the cumulative duration of SDs, which were suppressed by the addition of NE-100. Further, 

DMT attenuated SD when co-administered with asenapine, compared to asenapine alone. DMT 

administration reduced the number of apoptotic and ferroptotic cells and supported astrocyte 

survival, but had no effect on microglia. Sig-1Rs were associated with the perinuclear 

cytoplasm of neurons, astrocytes and microglia, and with glial processes. 

Conclusions: LA1011 seemed not to have any discernible cerebrovascular effects as was 

expected. Although, LA1011 had been proven neuroprotective in another experimental model 

of neurodegerative diseases, the treatment with LA1011 was inefficient in experimetal ischemic 

injury. Further investigation is needed to understand the mechanism of action of LA1011. 

Conversely, the antagonism of FP receptors (located at the neuro-vascular unit, neurons, 

astrocytes and microglia) has emerged as a promising approach to inhibit the evolution of SDs 

in cerebral ischemia. At last, the administration of DMT, alone or in combination with a Sig-1R 

antagonist suggested that DMT attenuated SD, at least in part, through Sig-1R activation, and 

achieved neuroprotection in the acute phase of cerebral ischemia. These data suggest that DMT 

may applicable as an adjuvant pharmacological therapy in the management of acute cerebral 

ischemic injury. 
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Background and Purpose: A new class of dihydropyridine derivatives, which act as

co‐inducers of heat shock protein but are devoid of calcium channel antagonist and

vasodilator effects, has recently been developed with the purpose of selectively

targeting neurodegeneration. Here, we evaluated the action of one of these novel

compounds LA1011 on neurovascular coupling in the ischaemic rat cerebral cortex.

As a reference, we applied nimodipine, a vasodilator dihydropyridine and well‐

known calcium channel antagonist.

Experimental Approach: Rats were treated with LA1011 or nimodipine, either by

chronic, systemic (LA1011), or acute, local administration (LA1011 and nimodipine).

In the latter treatment group, global forebrain ischaemia was induced in half of the

animals by bilateral common carotid artery occlusion under isoflurane anaesthesia.

Functional hyperaemia in the somatosensory cortex was created by mechanical stim-

ulation of the contralateral whisker pad under α‐chloralose anaesthesia. Spreading

depolarization (SD) events were elicited subsequently by 1 M KCl. Local field poten-

tial and cerebral blood flow (CBF) in the parietal somatosensory cortex were moni-

tored by electrophysiology and laser Doppler flowmetry.

Key Results: LA1011 did not alter CBF, but intensified SD, presumably indicating

the co‐induction of heat shock proteins, and, perhaps an anti‐inflammatory effect.

Nimodipine attenuated evoked potentials and SD. In addition to the elevation of

baseline CBF, nimodipine augmented hyperaemia in response to both somatosensory

stimulation and SD, particularly under ischaemia.

Conclusions and implications: In contrast to the CBF improvement achieved with

nimodipine, LA1011 seems not to have discernible cerebrovascular effects but may

up‐regulate the stress response.

Abbreviations: 2VO, permanent, bilateral occlusion of the common carotid arteries (“two‐vessel occlusion”); CBF, cerebral blood flow; DC, direct current; EFP, evoked field potential; eNOS,

endothelial NOS; Hsp, heat shock protein; LDF, laser Doppler flowmetry; LFP, local field potential; MABP, mean arterial BP; rSD, recurrent spreading depolarization; SD, spreading

depolarization; SD1, the first spreading depolarization in a train of events
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1 | INTRODUCTION

Treatment with the dihydropyridine compound nimodipine (isopropyl

2‐methoxyethyl 1,4‐dihydro‐2,6‐dimethyl‐4‐(3‐nitrophenyl)‐3,5‐pyri-

dinedicarboxylate) has long been recommended in clinical practice to

alleviate neurological symptoms of acute or chronic cerebrovascular

diseases, such as subarachnoid haemorrhage or vascular dementia

(Tomassoni, Lanari, Silvestrelli, Traini, & Amenta, 2008). Nimodipine

has proven to be particularly relevant for the treatment of cerebro-

vascular disorders, because it achieves vasorelaxation by inhibiting

calcium influx to vascular smooth muscle cells through L‐type

voltage gated calcium channels, and, in addition, it also exerts neu-

roprotection by preventing neuronal calcium overload (Scriabine,

Schuurman, & Traber, 1989). Although nimodipine was proposed to

increase cerebral blood flow (CBF) by its selective affinity to cerebral

arteries without altering systemic blood pressure (Freedman &

Waters, 1987), the approved dose can still initiate undesired

side effects (Kieninger et al., 2017) including hypotension in

some patients (Diringer & Zazulia, 2017; Porchet, Chioléro, & de

Tribolet, 1995).

Recently, a new class of dihydropyridine derivatives devoid of

vasodilator and anti‐hypertensive action has been developed with

the purpose of selectively targeting neurodegeneration (Fülöp et al.,

2013; Kasza et al., 2016). One of these promising novel compounds

is LA1011 (dimethyl 4‐(4‐trifluoromethylphenyl)‐2,6‐bis‐(2‐dimethy-

laminoethyl)‐1‐methyl‐1,4‐dihydropyridine‐3,5‐dicarboxylate dihydro-

chloride), which is known as a co‐inducer of heat shock protein (Hsp;

especially Hsp27 and Hsp70) with no affinity for calcium channels

(Kasza et al., 2016). Long‐term administration of LA1011 was shown

to improve learning ability, counteract neuronal loss, increase dendritic

spine density, and restrain tau pathology and amyloid plaque forma-

tion in a transgenic mouse model of Alzheimer's disease (Kasza et al.,

2016), possibly by maintaining protein homeostasis (Penke et al.,

2018). Taken that Hsp27 and Hsp70 activation has been suggested

to be protective against ischaemic neurodegeneration (Kim, Han,

Lee, & Yenari, 2018; van der Weerd et al., 2010; Yenari et al., 2005),

it is of interest whether LA1011, a co‐inducer of Hsp, has the potential

to preserve neuronal function under cerebral ischaemia. Hence, here,

we set out to assess the impact of LA1011 treatment on neuronal

activation in the acutely ischaemic rat cerebral cortex.

Cerebral ischaemia impairs neuronal function in part by

compromising neurovascular coupling (Jackman & Iadecola, 2015).

Neurovascular coupling is a vital feed‐forward control mechanism,

which adjusts local CBF to the energy requirements of activated

neurons (Attwell et al., 2010; Roy & Sherrington, 1890). Inefficient

neurovascular coupling therefore deprives neurons of their essential

nutrient supply and leads to failing neuronal function. Even though

the cerebrovascular action of nimodipine has been studied in much

detail, there is only indirect and ambiguous reference to its impact

on neurovascular coupling (Suzuki, Ooi, & Seki, 2012). More impor-

tantly, it is still not known whether LA1011 may achieve neuroprotec-

tion by improving neurovascular coupling. The second goal of this

study was, therefore, to assess the potentially beneficial action of

LA1011 and nimodipine on the efficacy of neurovascular coupling

during ischaemia and in the intact rat cerebral cortex.

As a final point, ischaemic brain injury gives rise to the spontane-

ous recurrence of spreading depolarization (SD), a wave of mass depo-

larization of neurons that propagates across the cerebral grey matter

at a rate of 2–6 mm·min−1 (Hossmann, 1996; Leão, 1944; Nedergaard,

1996; Somjen, 2001). SD elicited experimentally in the intact cerebral

cortex is known as an ischaemic preconditioning stimulus (Shen et al.,

2016). Furthermore, SDs spontaneously recurring in the injured

brain to exacerbate ischaemic brain injury and contribute to the

expansion of the primary lesion by affecting the associated CBF

response (Dreier, 2011; Hartings et al., 2017; Woitzik et al., 2013).

Limiting SD occurrence in patients has thus emerged as a therapeutic

approach to constrain ischaemia‐related, delayed neurological deficit

(Sakowitz et al., 2009). Furthermore, nimodipine has been demon-

strated to moderately impede SD (Richter, Ebersberger, & Schaible,

2002) and to convert the harmful vasoconstrictive CBF response to

SD into hyperaemia in an experimental model of subarachnoid haem-

orrhage (Dreier et al., 2002). In anticipation of identifying favourable

pharmacological effects, we investigated here the impact of LA1011

on SD occurrence and the development of the coupled CBF response,

with nimodipine used as a reference compound.

2 | METHODS

2.1 | Surgical procedures

Animal studies are reported in compliance with the ARRIVE guidelines

(Kilkenny, Browne, Cuthill, Emerson, & Altman, 2010) and with the

recommendations made by the British Journal of Pharmacology. The

What is already known

• LA1011, a dihydropyridine derivative and co‐inducer of

heat shock protein, is neuroprotective in models of

chronic neurodegeneration.

• Nimodipine, a dihydropyridine derivative and L‐type

voltage‐gated Ca2+ channel antagonist, decreases

resting vascular tone.

What this study adds

• LA1011 has no major effect on the cerebrovascular

system but intensifies spreading depolarization, possibly

by modulating potassium currents.

• Nimodipine effectively improves neurovascular coupling,

particularly under cerebral ischaemia.

What is the clinical significance

• LA1011 may be considered to counteract

neurodegeneration, with no concomitant impact on

vascular tone.
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experimental procedures were approved by the National Food Chain

Safety and Animal Health Directorate of Csongrád County, Hungary.

The procedures were performed according to the guidelines of the

Scientific Committee of Animal Experimentation of the Hungarian

Academy of Sciences (updated Law and Regulations on Animal Protec-

tion: 40/2013. [II. 14.] Gov. of Hungary), following the EU Directive

2010/63/EU on the protection of animals used for scientific purposes.

Young adult, male Sprague–Dawley rats (Charles River Laborato-

ries, 323 ± 36 g, n = 62) were used in this study. Standard rodent chow

and tap water were supplied ad libitum. The animals were housed

under constant temperature, humidity, and lighting conditions (23°C,

12:12 hr light/dark cycle, lights on at 7 a.m.).

On the day of the experiments, animals were anaesthetized with

1.5–2% isoflurane in N2O:O2 (3:2) and were allowed to breathe spon-

taneously through a head cone during surgical interventions. Two

series of experiments were designed on the basis of pharmacological

treatment strategy (Figure 1; Table 1). In Series 1, isoflurane anaesthe-

sia was maintained throughout the experimental protocol. In Series 2,

isoflurane was substituted with α‐chloralose (dissolved in saline at a

concentration of 7 mg·ml−1 and administered either as a bolus injec-

tion of 40 mg·kg−1 per 15 min for initiation and 40 mg·kg−1·hr−1 for

maintenance, i.v., or as a bolus injection of 50 mg·kg−1 for initiation

and 30 mg·kg−1·hr−1 for maintenance, i.p.) for the period of actual data

acquisition. Body temperature was kept at 37.2°C by a feedback

controlled homeothermic blanket (Harvard Apparatus, Holliston, MA,

USA). In order to avoid the production of airway mucus, atropine

was administered (0.1%, 0.05 ml; i.m.) shortly before surgical proce-

dures. The mean arterial blood pressure (MABP) was continuously

monitored via a left femoral artery catheter. The adjacent femoral vein

was also cannulated for the administration of the anaesthetic agent,

whenever relevant.

For the later initiation of incomplete global forebrain ischaemia, a

midline incision was made in the neck, and both common carotid

arteries were carefully separated from the vagal nerves. Lidocaine

(1%) was administered topically before opening the skin and each tis-

sue layer underneath. A surgical thread used as occluder was looped

around each artery for later occlusion of the arteries. Control rats

(i.e., those with intact cerebral perfusion) were either sham operated

or naïve. All rats were placed prone in a stereotaxic apparatus

(Stoelting Co., Wood Dale, IL, USA). The skin above the skull and tem-

poral muscle were retracted from the underlying right parietal and

temporal bones. Two cranial windows (~3 × 3 mm) 1 mm apart were

prepared over the right parietal cortex (3 mm caudal from bregma

and 5 mm lateral from the sagittal suture). A high‐precision electrical

drill (Technobox, Bien Air 810; Switzerland) was used to thin the bone

under saline cooling, and the remaining soft bone layer was gently

peeled away to reveal the dura surface. The dura was then carefully

opened in each craniotomy. The rostral window was later used for

FIGURE 1 Time lines of the protocols
implemented. 2VO: permanent, bilateral
occlusion of the common carotid arteries
(“two‐vessel occlusion”); Nimo: nimodipine;
rSD: recurrent spreading depolarization; SD:
spreading depolarization; SD1: first spreading
depolarization in a train of events

TABLE 1 Physiological variables and number of animals included in each experimental group

Series
Pharmacological
treatment

Ischaemia
induction n

Body
weight (g)

Arterial
blood pH

Arterial pO2

(mmHg)

Arterial

pCO2

(mmHg)

MABP prior to
drug/vehicle

administration
(mmHg)

MABP after
drug/vehicle

administration
(mmHg)

Series 1 Vehicle Intact 6 342 ± 14 7.43 ± 0.04 123.7 ± 6.4 37.4 ± 12.0 N/A N/A

LA1011 6 336 ± 23 7.40 ± 0.04 100.6 ± 18.3 36.5 ± 7.8 N/A N/A

Series 2 Vehicle Intact 9 335 ± 32 7.33 ± 0.07 140.5 ± 29.6 47.4 ± 11.4 92 ± 14 100 ± 22

2VO 8 326 ± 48 7.33 ± 0.03 127.0 ± 32.8 39.9 ± 6.3 100 ± 1 102 ± 8

LA1011 Intact 6 310 ± 40 7.28 ± 0.02 127.8 ± 30.9 47.8 ± 5.7 102 ± 10 102 ± 12

2VO 9 305 ± 45 7.35 ± 0.05 117.8 ± 34.8 38.9 ± 8.6 93 ± 11 100 ± 22

Nimodipine Intact 6 331 ± 31 7.39 ± 0.06 103.4 ± 16.1 44.8 ± 8.1 103 ± 18 106 ± 15

2VO 6 313 ± 25 7.30 ± 0.05 99.8 ± 4.4 56.2 ± 11.2 89 ± 12 92 ± 15

Note: Data are given as mean ± stdev. 2VO, permanent, bilateral occlusion of the common carotid arteries (“two‐vessel occlusion”); MABP, mean arterial

blood pressure.
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data acquisition (i.e., electrophysiology and CBF measurement) and

topical drug administration, while the caudal window served SD elici-

tation. The cranial windows were constantly kept moist by artificial

cerebrospinal fluid (aCSF; mM concentrations: 126.6 NaCl, 3 KCl, 1.5

CaCl2, 1.2 MgCl2, 24.5 NaHCO3, 6.7 urea, 3.7 glucose bubbled with

95% O2 and 5% CO2 to achieve a constant pH of 7.4). Experiments

were terminated at the end of the experimental protocol by an over-

dose of the anaesthetic agent.

2.2 | Recording of electrophysiological variables

A saline‐filled glass capillary electrode (20 μm outer tip diameter) was

inserted 700 μm deep into the cerebral cortex at the rostral window

for the synchronous recording of local field potential (LFP) and slow

cortical or direct current (DC) potential. An Ag/AgCl reference

electrode was implanted under the skin of the animal's neck. The elec-

trophysiological signals were recorded via a high input impedance

pre‐amplifier (NL102GH, NeuroLog System, Digitimer Ltd., UK), con-

nected to a differential amplifier (NL106, NeuroLog System, Digitimer

Ltd.) with associated filter and conditioner systems (NL125, NL530,

NeuroLog System, Digitimer Ltd.). Potential line frequency noise

(50 Hz) was removed by a high‐quality noise eliminator (HumBug,

Quest Scientific Instruments Inc., Canada) without any signal attenua-

tion. Analogue to digital conversion was performed by a dedicated

A/D converter card (NI USB‐6008/6009, National Instruments,

Austin, TX, USA) controlled through a custom‐made software, written

in LabView (National Instruments; RRID:SCR_014325).

2.3 | Monitoring of local CBF

Laser Doppler flowmetry (LDF) was used to record changes in local

CBF in response to somatosensory (whisker) stimulation and SD. A

laser Doppler needle probe (Probe 403 connected to PeriFlux 5000;

Perimed AB, Sweden) was positioned above the barrel cortex, which

is supplied by arterial blood arriving via penetrating arterioles

branching off the pial arterioles carrying blood from the middle cere-

bral artery (Wu et al., 2016). The ideal position of the LDF probe

was identified prior to the actual experimental protocol: The probe

was positioned over the region where the amplitude of functional

hyperaemia in response to whisker stimulation proved to be the

greatest. The LDF signal was digitalized and acquired, together with

the DC potential and LFP, essentially as described above.

2.4 | Pharmacological treatment

Animals were assigned to pharmacological treatments randomly. In

Series 1, LA1011 (property of Gedeon Richter Plc., kindly provided

at the time of experimentation by LipidArt Ltd., Szeged, Hungary;

1 mg·kg−1 body weight in 0.4 ml saline) or its vehicle (i.e., saline) was

administered systemically (i.p.) in equal volume, twice a day for 2 weeks

before surgical intervention. In Series 2, the rostral cranial window was

incubated with either LA1011 (100 μM, in aCSF) or nimodipine

(Sigma‐Aldrich, 100 μM in 0.1% DMSO in aCSF) following a 5 min

baseline recording. Drug solutions were refreshed every 10 min to

maintain efficacy until the termination of each experiment. In other

rats, rinsing the cranial window with vehicle served as a control for

pharmacological treatments.

2.5 | Experimental protocol

In Series 1, three SD events were triggered in each animal (n = 12) by

placing a 1 M KCl‐soaked cotton ball in the caudal craniotomy. The

cotton ball was removed, and the craniotomy was rinsed with aCSF

after each successful SD elicitation, to allow the development of a sin-

gle SD in response to each trigger. SDs were provoked at an inter‐SD

interval of at least 15 min (Figure 1).

In Series 2, after drug incubation for 30 min, both common carotid

arteries were permanently occluded (two‐vessel occlusion [2VO]) by

pulling on the occluder lines until resistance was felt and then securing

the occluders in place (n = 23). Successful 2VO was confirmed by a

sharp drop in the LDF signal. Rats with no occlusion served as control

for 2VO (i.e., intact, n = 21). Fifteen minutes after 2VO onset, whisker

stimulation involving the entire left whisker pad was performed

mechanically. Stimulation frequency was set at 2–3 Hz, each stimula-

tion lasting for 25 s. The stimulation was repeated 4 times with 2 min

intermissions. Subsequently, exactly as in Series 1, three SD events

were triggered by placing a 1 M KCl‐soaked cotton ball in the caudal

craniotomy. Considering the combination of 2VO and pharmacological

manipulations, eight experimental groups were established (Table 1).

The ischaemia model has been widely used (Farkas, Luiten, & Bari,

2007); rodents are the typical model organisms to study neurovascular

coupling or SD (Hartings et al., 2017; Iadecola, 2017). The experi-

menter was not blinded to the procedure, because she had to create

ischaemia by a surgical intervention (thus, it was clear which animal

was allocated to the ischaemic group).

2.6 | Data analysis

All variables (i.e., DC potential, LDF signal, and MABP) were simulta-

neously acquired, displayed live, and stored using a personal computer

equipped with a custom‐made software in LabView (National Instru-

ments). Data analysis was assisted by the inbuilt instructions of the

software AcqKnowledge 4.2 for MP 150 (Biopac Systems, Inc., Goleta,

USA). Raw LDF recordings were downsampled to 1 Hz and then

expressed relative to baseline by using the average CBF value of the

first 5 min (100%) and the biological zero obtained after terminating

each experiment (0%) as reference points. Evoked field potentials

(EFPs) during whisker stimulation were analysed in the original LFP

recordings acquired at 2000 Hz, while raw DC recordings were also

downsampled to 1 Hz.

Blinding data analysis was intended by assigning codes to files and

recordings, which do not reveal the experimental condition (i.e., date

of the experiment). All recordings were first screened for events suit-

able for comprehensive analysis. For EFPs, it was required that the

segment under analysis (10 s) was completely free of harmonic net-

work oscillations (~50 Hz, produced by the feedback controlled on–

off switch of the heating blanket) or any accidental noise produced
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by manipulations by the experimenter. For SD analysis, it was essential

that an SD elicited propagated to the recording window. The evalua-

tion of CBF responses was achieved when hyperaemia evolved in

response to stimulation (functional hyperaemia in response to whisker

stimulation remained undetectable on several occasions, and SDs in

one animal gave rise to inverse neurovascular coupling) and if the

CBF responses to subsequent events were clearly separated.

In the case of whisker stimulation, the peak amplitude of evoked

potentials was assessed to reveal drug effect, if any. The efficacy of

hyperaemia was characterized by measuring the maximum amplitude

of the CBF response (mean of 15 s at the plateau of the hyperaemia).

For SD events, peak amplitude, duration at half amplitude, and the

rate of repolarization were measured on the DC potential trace. The

hyperaemic element of the CBF response was first sorted on the basis

of the presence of late hyperaemia. Type 1 was noted whenever peak

hyperaemia was obvious, but late hyperaemia remained undetectable.

The CBF response was labelled Type 2 when both peak and late

hyperaemia could be identified confidently. The SD‐associated

hyperaemia was then characterized by the peak amplitude, and the

duration of hyperaemia (peak and late elements together), taken from

deflection from and return to baseline. Data analysis was shared

among four independent investigators.

Unequal group sizes were achieved because some of the com-

pleted experiments did not qualify for comprehensive data analysis

due to high arterial blood pCO2 and low arterial blood pH values

(n = 4), unsuccessful SD elicitation (n = 1), or an overdose of anaesthe-

sia during the experimental protocol (n = 1). However, pilot

experiments, which met all the criteria of a successful experiment

(e.g., anaesthesia protocol yielding physiological arterial blood gas

values, uninterrupted monitoring of mean arterial pressure, appropri-

ate concentration of drug solutions, successful somatosensory stimu-

lation, and SD elicitation; n = 6), were incorporated in the final

groups to utilize all relevant data produced.

Data are given as mean ± stdev. The results were statistically

analysed with the software SPSS (IBM SPSS Statistics for Windows,

Version 22.0, IBM Corp., USA; RRID:SCR_002865). The distribution

of the data was tested with the Shapiro–Wilk normality test. Outliers

were filtered with Grubbs test. Homogeneity of the variances was

checked by Levene's test. Two‐ or three‐way ANOVA models were

used, dependent on the type of data obtained. Levels of significance

were defined as *P < 0.05. Tukey's HSD or Games–Howell post hoc

test was used for group comparisons, whenever applicable. Non‐

parametric data were statistically evaluated with a Pearson chi‐square

test for association. All relevant statistical methods are given in each

figure legend. The data and statistical analysis comply with the recom-

mendations of the British Journal of Pharmacology on experimental

design and analysis in pharmacology.

2.7 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to PHARMA-

COLOGY (Harding et al., 2018), and are permanently archived in the

Concise Guide to PHARMACOLOGY 2017/18 (Alexander, Kelly

et al., 2017; Alexander, Striessnig et al., 2017).

3 | RESULTS

3.1 | Physiological variables and baseline variations
of CBF

Physiological variables (MABP, arterial blood pH, and partial arterial

pressure of O2 and CO2) are presented in Table 1. Statistical analysis

did not reveal any significant ischaemia‐ or treatment‐related differ-

ence across experimental groups.

Typical, original recordings of the DC potential and CBF variations

over the full experimental protocol of Series 2 are shown in Figure 2.

FIGURE 2 Representative direct current
(DC) potential and cerebral blood flow (CBF)
traces of the full experimental protocol
including common carotid artery occlusion
(2VO) in Series 2 under vehicle (upper box) or
nimodipine (lower box) treatment. The traces
were downsampled to 1‐Hz frequency

(original sampling frequency: 500 or 2000 Hz),
and the CBF traces were smoothed by median
filtering for 6 data points. Note that
nimodipine gradually elevated baseline
perfusion, increased the amplitude of
functional hyperaemia to whisker stimulation,
and enlarged hyperaemia in response to the
first (SD1) and recurrent spreading
depolarizations (rSD). Also, nimodipine
reduced SD amplitude. Note also the strikingly
different size of the CBF response to whisker
stimulation and SD within the same
preparation
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Variation of baseline CBF was assessed at selected time points of

the experimental protocol, in order to evaluate the impact of phar-

macological treatments (Figure 3). Ischaemia induction in Series 2

obviously caused a marked reduction of CBF (53 ± 23%), which sta-

bilized in the vehicle‐treated group at 74 ± 11% prior to first SD

(SD1) and at 67 ± 15% prior to recurrent SDs (rSDs; Figure 3b,c).

The occurrence of SD produced long‐lasting oligaemia, the final

element of the CBF response to SD, which was apparent between

SD events in the intact groups, as well (Figure 3c). Neither chronic

nor acute treatment with LA1011 altered baseline CBF at any time

point or condition considered. In contrast, nimodipine treatment

increased baseline CBF significantly by the time of ischaemia

induction with respect to the pretreatment CBF level (Figure 3a).

Further, nimodipine counteracted the reduction in CBF evoked by

2VO (Figure 3b) and prevented the development of post‐SD

oligaemia (Figure 3c).

3.2 | Somatonsensory stimulation

For the estimation of drug effect on physiological neurovascular cou-

pling, somatosensory EFPs and the associated CBF response provoked

by whisker stimulation were evaluated in the somatosensory barrel

cortex in Series 2 (Figure 4). The amplitude of EFPs was considerably

FIGURE 3 Variation of baseline cerebral blood flow (CBF; i.e., inbetween stimulations) with respect to pharmacological treatments. (a) CBF prior
to the first experimental intervention (i.e., production of spreading depolarization [SD] in Series 1, or induction of ischaemia in Series 2). In Series 2,
the intact group and the group of animals later undergoing bilateral common carotid artery occlusion (2VO) are merged, because they received
identical handling until this point of the experimental protocol. (b) CBF before the production of the first SD (SD1). Data are expressed as change
with respect to the corresponding baseline. (c) CBF before the production of recurrent SD events (rSD). Data are given as mean ± stdev; sample
size (i.e., number of animals) is indicated in each bar. Statistical analysis relied on a two‐wayANOVA paradigm (factors: acute/chronic and treatment),
Panel (a), or a three‐way ANOVA (acute/chronic, ischaemia, and treatment), Panels (b) and (c). The level of significance was defined as *P < 0.05.
Tukey's HSD post hoc test was applied for group comparisons (*P < 0.05 vs. vehicle; #P < 0.05 vs. LA1011; $P < 0.05 vs. respective intact)

FIGURE 4 The impact of ischaemia or pharmacological treatments on evoked potentials and the coupled cerebral blood flow (CBF) response
during whisker stimulation in Series 2. (a) Representative local field potential (LFP) traces display somatosensory evoked field potentials (EFPs)
during whisker stimulation. Traces in front of light grey background were taken from intact animals, while the trace in front of dark grey
background represents an animal with bilateral common carotid artery occlusion (2VO). (b) The peak amplitude of evoked potentials. (c) Traces
(each is the mean of four stimulations in an animal representative of each condition) show the CBF response to whisker stimulation. (d) The
amplitude of the CBF response to whisker stimulation. The base of each bar in the chart is set to the CBF level directly preceding whisker
stimulation. In (b) and (d), data are given as mean ± stdev; sample size (i.e., the number of events analysed) is indicated in each bar. Statistical
analysis relied on a two‐way ANOVA paradigm (factors: ischaemia and treatment). The level of significance was defined as *P < 0.05. A Games–
Howell post hoc test was applied for group comparisons (*P < 0.05 vs. vehicle; #P < 0.05 vs. LA1011; $P < 0.05 vs. respective intact)
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attenuated during ischaemia (in the presence of 2VO) with respect to

the intact condition (Figure 4b). The application of LA1011 exerted no

effect on EFPs; however, nimodipine dramatically decreased the

amplitude of evoked potentials in the intact cortex (Figure 4a,b). The

relative amplitude of the hyperaemic response was notably smaller

during ischaemia (2VO) than in the intact brain (Figure 4c,d). Treat-

ment with LA1011 did not improve functional hyperaemia signifi-

cantly, but nimodipine restored the relative amplitude of the CBF

response to the intact level (Figure 4d). In addition to the elevation

of baseline CBF achieved by nimodipine, the further improvement in

the CBF response to whisker stimulation in the ischaemic cortex was

very apparent (Figure 4d).

3.3 | Spreading depolarization

Experimentally‐evoked SDs were exploited for the investigation of

drug effect on non‐physiological neural depolarization and the associ-

ated CBF response (Figures 5 and 6). The SD1 was taken apart from

rSD events for analysis, because of known dissimilarities between

SD1 and rSDs (Farkas, Pratt, Sengpiel, & Obrenovitch, 2008). Eventu-

ally, detailed data analysis was completed on rSDs. As expected, the

amplitude of SD events was not altered (Series 2), while their duration

was extended (Series 2) during ischaemia with respect to the intact

condition (Figure 5a–c). Chronic or acute application of LA1011 con-

sistently intensified SD amplitude, irrespective of ischaemia (Series 2;

Figure 5b). In contrast, acutely applied nimodipine significantly

decreased SD amplitude (Series 2). In addition, nimodipine shortened

SD duration in the ischaemic cortex to its intact level (Series 2;

Figure 5c).

The CBF response to SD consists of four elements, starting

with a transient hypoperfusion, followed by a peak and then a late

hyperaemia, and concluded by a long‐lasting oligaemia (Ayata &

Lauritzen, 2015). The share of the individual elements in the CBF

response to SD is variable across animal species and anaesthesia

protocols and appears to change markedly according to the actual

metabolic status of the tissue (Ayata & Lauritzen, 2015).

The analysis of the CBF response here predominantly focused on

the hyperaemia phase. The kinetics of the observed CBF responses

exhibited a spectrum considering the weight of late hyperaemia in

the signature (Figure 6a). Further, the presence of the late hyperaemic

element served as the basis for CBF response classification to distin-

guish CBF response Type 1 characterized by peak hyperaemia only,

from CBF response Type 2 that included late hyperaemia in addition

to the peak hyperaemia (Figure 6a). A semi‐quantitative approach of

ours indicated that the likelihood for Type 1 and Type 2 CBF

responses to evolve was near equal in the vehicle‐treated, intact

condition. Conversely, ischaemia, or treatment with LA1011 or

nimodipine, allowed late hyperaemia to emerge at a clearly higher

incidence (Figure 6b). The amplitude of peak hyperaemia was con-

served over experimental groups, except for nimodipine treatment in

the ischaemic condition, which augmented peak hyperaemia ampli-

tude ( Figure 6c). The duration of hyperaemia (i.e., peak and late

hyperaemia together) was not significantly altered by ischaemia or

the treatments (Series 2; Figure 6d).

4 | DISCUSSION

The presented work investigated the potential neuroprotective

effect of LA1011, an Hsp27 and Hsp70 co‐inducer dihydropyridine

derivative with no affinity for L‐type voltage‐gated calcium channels

(Kasza et al., 2016), with reference to nimodipine, a well‐known

dihydropyridine compound that blocks L‐type voltage‐gated calcium

channels (Scriabine et al., 1989). In the incomplete global forebrain

ischaemia model used, we first assessed drug effect on physiological

FIGURE 5 The impact of ischaemia or
pharmacological treatments on recurrent
spreading depolarization (rSD). (a) Traces
(each is the mean of rSDs in an animal
representative of each condition) demonstrate
the negative DC potential shift indicative of
rSDs, triggered after the bilateral occlusion of
the common carotid arteries (2VO). (b)
Amplitude of the negative DC potential shift

with rSDs. (c) Duration of the negative DC
potential shift with rSDs. (d) Rate of
repolarization of the negative DC potential
shift with rSDs. In (b) to (d), data are given as
mean ± stdev; sample size (i.e., the number of
events analysed) is indicated in each bar.
Statistical analysis relied on a three‐way
ANOVA paradigm (factors: acute/chronic,
ischaemia, and treatment). The level of
significance was defined as *P < 0.05. Tukey's
HSD (b) or a Games–Howell (c) post hoc test
was applied for group comparisons (*P < 0.05
vs. vehicle; #P < 0.05 vs. LA1011)

1228 SZABÓ ET AL.BJP



neuronal activation (i.e., achieved by somatosensory stimulation) and

the coupled functional hyperaemic response. Next, we focused on

the impact of the pharmacological treatments on SD and the associ-

ated CBF response. SD is an ischaemic preconditioning stimulus when

triggered in intact tissue (Shen et al., 2016) and represents a patho-

physiological process as it occurs due to extracellular potassium

and glutamate accumulation in ischaemic brain injury (Dreier, 2011;

Pietrobon & Moskowitz, 2014).

The cerebral ischaemia model has been selected to test the neuro-

protective efficacy of LA1011, because the drug has been shown to

co‐induce Hsp27 and Hsp70 (Kasza et al., 2016), both recognized to

mediate anti‐inflammatory and anti‐apoptotic mechanisms in ischae-

mic brain injury (Franklin, Krueger‐Naug, Clarke, Arrigo, & Currie,

2005; Nowak & Jacewicz, 1994; van der Weerd et al., 2010; Yenari

et al., 2005). The dose of the drugs applied in the present study was

justified by previous experimental results and our pilot experiments

(Kasza et al., 2016; Richter et al., 2002).

Here, we show in the anaesthetized rat that baseline CBF

remained unchanged after LA1011 administration but was increased

by nimodipine, as expected. Cerebrovascular smooth muscle cells are

enriched by L‐type voltage‐gated calcium channels. Nimodipine

inhibits calcium influx through these channels, leading to the

hyperpolarization and relaxation of smooth muscle cells, and the

reduction of vascular tone (Scriabine & van den Kerckhoff, 1988).

The current data demonstrate that LA1011 does not alter neuronal

excitability in the intact cortex, which is consistent with the view that

LA1011 increases Hsp expression only under stress conditions (Kasza

et al., 2016). Further, LA1011 treatment did not restore EFP amplitude

compromised by ischaemia and did not improve the hyperaemic

response impaired by ischaemia, either. These results indicate that

acutely administered LA1011 does not protect neuronal excitability

or neurovascular coupling during the early phase of cerebral ischae-

mia. On the other hand, it is a novel finding of the presented work,

that, in addition to baseline CBF elevation, nimodipine profoundly

augmented functional hyperaemia in response to somatosensory stim-

ulation (Figure 3c,d), without enhancing EFP amplitude under ischae-

mia. Still, nimodipine remarkably decreased EFP amplitude in the

intact cortex, while the relative magnitude of the flow response

was maintained. Both observations imply that the enhancement of

functional hyperaemia by nimodipine is disproportionate with

respect to EFP amplitude. This suggests that nimodipine augmented

the amplitude of the CBF response (irrespective of the intensity

of neuronal activation initiated by somatosensory stimulation),

possibly by potentiating the release of vasodilator substances or the

FIGURE 6 The impact of ischaemia or pharmacological treatments on the cerebral blood flow (CBF) response to recurrent spreading
depolarization (rSD) events. (a) Representative traces demonstrate the spectrum of the kinetics of the CBF response considering the weight of
late hyperaemia in the signature. The CBF response was classified as Type 1 whenever peak hyperaemia was obvious, with late hyperaemia being
undetectable. The CBF response was labelled Type 2, when both peak and late hyperaemia could be identified. (b) Occurrence of Type 1 and Type
2 CBF responses is depicted with respect to all of the CBF responses analysed being taken as 100% in each experimental group. Horizontal bars
with black outline (left) depict the share of Type 1, while bars with grey outline (right) represent the ratio of Type 2 CBF responses. Note that the
two types were represented equally (i.e., near 50% indicated by a vertical white band) in the vehicle‐treated, intact groups. In the animals
undergoing bilateral common carotid artery occlusion (2VO) and receiving LA1011 treatment, only Type 2 CBF responses were observed. Pearson

chi‐square test for association indicated a significant effect (value: 16.996, P < 0.017). Calculating column proportion by z test with Bonferroni
correction identified a significant shift inType 1 and Type 2 ratios for groups labelled (*). (c) Amplitude of peak hyperaemia. The base of each bar in
the chart is set to the CBF level preceding rSD events. (d) Duration of hyperaemia, that is, ΔT in Panel (a). In (b) to (d), data are given as
mean ± stdev; sample size (i.e., the number of events analysed) is indicated in each bar. Statistical analysis relied on a three‐way ANOVA paradigm
(factors: acute/chronic, ischaemia, and treatment). The level of significance was defined as *P < 0.05. Tukey's HSD test was applied for group
comparisons (*P < 0.05 vs. vehicle; #P < 0.05 vs. LA1011)
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efficacy of vasodilator signalling cascades. Since vasodilator PGs

and epoxyeicosatrienoic acids are produced by astrocytes during

neurovascular coupling (Attwell et al., 2010), and L‐type voltage‐gated

calcium channels are present in the astrocyte plasma membrane

(Cheli et al., 2016), astrocytes may be involved in the nimodipine‐

related enlargement of functional hyperaemia, without neuronal con-

tribution being proportionally increased in the first place. Further

details concerning this suggestion are given as Supporting Information

to the paper.

Even though LA1011 treatment did not achieve a detectable

change in neuronal activity with somatosensory stimulation in our

experiments, it greatly enhanced the amplitude of SD, consistent in

all experimental conditions created. The amplitude of SD appears to

be fairly conserved, since neither ischaemia nor age can alter the

SD‐related DC potential amplitude (Menyhárt et al., 2015; Menyhárt

et al., 2017). However, several pharmacological manipulations have

proven to reduce the amplitude of SD. As such, topical application

of the pro‐inflammatory cytokine TNF‐α, the inhibition of the

P2X7/pannexin 1 pore by the drug A438079, the blockade of large‐

conductance Ca2+‐activated potassium channels by paxilline, or the

uncoupling of postsynaptic density protein 95 from NMDA receptors

by UCCB01‐144 (Tat‐N‐dimer) were all found to reduce the amplitude

of SD; TNF‐α, and A438079 even in a dose‐dependent manner (Chen

et al., 2017; Kucharz, Søndergaard Rasmussen, Bach, Strømgaard, &

Lauritzen, 2017; Menyhárt et al., 2018; Richter et al., 2014). Two of

these studies have pointed out that the amplitude of SD stands in a

strong, positive correlation with the extracellular concentration of

potassium (Chen et al., 2017; Menyhárt et al., 2018), which would

infer that treatment with LA1011, an Hsp co‐inducer, may support

cellular (possibly neuronal) potassium efflux with SD. Indeed, heat

shock preconditioning preserved the diminishing potassium peak

of recurrent depolarizations triggered by intermittent anoxia, and

Hsp70 expression modulated potassium homeostasis throughout

oxygen withdrawal in the drosophila brain (Armstrong et al., 2011).

Although it remains to be determined which potassium channels

may be tuned by Hsp70 in the mammalian nervous system, the

chaperon has been shown to activate potassium channels linked to

the rise of intracellular calcium near the plasma membrane in cultured

human promonocytes (Negulyaev, Vedernikova, Kinev, & Voronin,

1996) and to be involved in the assembly of specific voltage‐gated

potassium channels located in cardiac muscle (Ficker, Dennis, Wang,

& Brown, 2003).

As listed above, TNF‐α is also known to reduce the amplitude of

SD in a dose‐dependent manner (Richter et al., 2014). Interestingly,

the overexpression of Hsp70—a target of LA1011—was shown to sup-

press pro‐inflammatory cytokine mRNA levels, including TNF‐α in cul-

tured, oxygen–glucose‐deprived astrocytes (Kim, Yenari, & Lee, 2015).

Furthermore, up‐regulation of Hsp70 decreased TNF‐α expression

and improved neurological outcome in a rodent model of intracerebral

haemorrhage (Manaenko et al., 2010). On the basis of these observa-

tions, it would be attractive to postulate that LA1011 increased SD

amplitude possibly by the co‐induction of Hsp70 to cause the down‐

regulation of TNF‐α, which would normally limit the magnitude of

SD. The mechanistic link between LA1011 treatment and SD remains,

however, speculative, and the temporal profile of Hsp induction in the

model used is also obscure. Therefore, further investigations are

needed to explore the LA1011‐related signalling that causes increas-

ing SD amplitude.

In contrast to LA1011, nimodipine application reduced SD size,

in agreement with previous reports applying nimodipine at the con-

centration used here (Menyhárt et al., 2018; Richter et al., 2002).

Neurons express L‐type voltage‐gated calcium channels, which have

been implicated in the modification of neuronal excitability, and are

a well‐known target of nimodipine (Scriabine et al., 1989). Taken

together, the opposite actions of LA1011 and nimodipine on SD

amplitude correspond reliably to the different cellular targets of the

two molecules.

Although pharmacologically decreased SD amplitude is often

interpreted as a sign of protection (Richter et al., 2014), the lack of a

clear‐cut association between SD amplitude and histological or neuro-

logical damage imposed creates persistent controversies. On the other

hand, the number of rSDs, the cumulative duration of SDs, and the

inability of the tissue to recover from SD (i.e., long SD duration) have

been shown to correlate with or be a sign of injury progression

(Dijkhuizen et al., 1999; Dreier et al., 2006; Nedergaard, 1996). In this

context, LA1011 proved to be ineffective, since SD duration was not

altered under LA1011 treatment (Figure 4c). Nimodipine, however,

showed a tendency to shorten SD duration (Figure 4c), which may

be accepted as a sign of its protective potential. SD is associated with

neuronal calcium loading, in part via ionotropic glutamate receptors,

such as the NMDA receptor (Pietrobon & Moskowitz, 2014). The

reduction of the SD‐associated calcium influx has thus emerged as a

promising target to achieve SD inhibition. For example, low‐dose

ketamine (an NMDA receptor blocker) applied to brain slices has

recently been shown to reduce calcium load and to facilitate the

recovery from SD (Reinhart & Shuttleworth, 2018). In our study,

nimodipine is thought to have inhibited calcium influx to neurons via

L‐type voltage‐gated calcium channels, which also caused the more

rapid recovery from SD. Together, these results suggest that the atten-

uation of neuronal calcium load (either via NMDA receptor blockade or

via L‐type calcium channel inhibition) shortens SD duration.

Before the detailed discussion of drug effects, it must be appre-

ciated that hyperaemia in response to SD was markedly accentuated

under α‐chloralose anaesthesia used here (relative amplitude:

191 ± 61 and 151 ± 96%, intact and under ischaemia, respectively),

with respect to that seen under isoflurane anaesthesia in our previ-

ous work (e.g., 51 ± 38 and 21 ± 11%, intact and under ischaemia,

respectively, Varga et al., 2016; 76 ± 12 and 21 ± 9%, intact and

under ischaemia, respectively, Menyhárt et al., 2017). Moreover, late

hyperaemia in the CBF response to SD was revealed very often

under α‐chloralose anaesthesia as seen here (Figures 2 and 6),

while it was seldom encountered in many of our previous studies

using isoflurane (Menyhárt et al., 2015; Menyhárt et al., 2017;

Varga et al., 2016). Finally, the global ischaemia model we routinely

use produces a considerable drop of CBF following 2VO under

isoflurane anaesthesia (e.g., to 27 ± 13%, Varga et al., 2016, to
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41 ± 9%; Menyhárt et al., 2015)—this drop proved to be considerably

more moderate under α‐chloralose anaesthesia here (Figure 3b).

Therefore, we propose that the anaesthetic procedure used in this

study allowed the frequent evolution of large hyperaemia in response

to SD, also when SD was elicited after the occlusion of the common

carotid arteries.

The experiments presented here show that the kinetics of

SD‐related hyperaemia was transformed discernibly by ischaemia

and LA1011 or nimodipine treatment. In other words, the experimen-

tal manipulations accentuated the element of late hyperaemia in the

SD‐associated CBF response (Figure 5a,b). On the basis of an original

finding that L‐arginine administration supported late hyperaemia fol-

lowing SD (Fabricius, Akgoren, & Lauritzen, 1995), late hyperaemia

was proposed to be NO dependent (Ayata & Lauritzen, 2015). Since

baseline CBF elevation by L‐arginine can be linked to increased endo-

thelial NOS (eNOS) activity (Yamada et al., 2000), and ischaemia

apparently potentiates eNOS expression (Bolaños & Almeida, 1999),

it is conceivable that the increased share of late hyperaemia in the

CBF response to SD was supported by increased eNOS activity in

our ischaemic condition. Interestingly, Hsps, particularly Hsp90, have

been implicated in the adjustment of vascular tone via modulating

the production of the vasodilator NO (García‐Cardeña et al., 1998),

and a recent report has shown LA1011 to bind Hsp90 and activate

the ATPase activity of Hsp90 (Roe et al., 2018). A potential interaction

between LA1011 and NO release to unravel late hyperaemia in the

SD‐related CBF response may thus be mediated via Hsp90; however,

the signalling cascade remains hypothetical due to the paucity of

explicit experimental data.

In conclusion, the current study appears to confirm the Hsp co‐

inducer and possibly anti‐inflammatory potential of LA1011 during

stress to the nervous tissue. Furthermore, the work demonstrates that

L‐type voltage‐gated calcium channel inhibition augments functional

hyperaemia in response to somatosensory stimulation especially under

ischaemia, in addition to achieving a general, constitutive vasodilator

effect. A more detailed understanding of the molecular pathways

involved either in LA1011 or in nimodipine action assessed here

requires further investigation. Overall, previous data (Kasza et al.,

2016; Penke et al., 2018; Roe et al., 2018) and those of ours together

suggest that LA1011 may be considered to counteract neurodegener-

ation, with no major, concomitant impact on vascular tone or

neurovascular coupling.
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A B S T R A C T

Spontaneous, recurrent spreading depolarizations (SD) are increasingly more appreciated as a pathomechanism
behind ischemic brain injuries. Although the prostaglandin F2α - FP receptor signaling pathway has been
proposed to contribute to neurodegeneration, it has remained unexplored whether FP receptors are implicated in
SD or the coupled cerebral blood flow (CBF) response. We set out here to test the hypothesis that FP receptor
blockade may achieve neuroprotection by the inhibition of SD. Global forebrain ischemia/reperfusion was in-
duced in anesthetized rats by the bilateral occlusion and later release of the common carotid arteries. An FP
receptor antagonist (AL-8810; 1 mg/bwkg) or its vehicle were administered via the femoral vein 10 min later.
Two open craniotomies on the right parietal bone served the elicitation of SD with 1 M KCl, and the acquisition
of local field potential. CBF was monitored with laser speckle contrast imaging over the thinned parietal bone.
Apoptosis and microglia activation, as well as FP receptor localization were evaluated with im-
munohistochemistry. The data demonstrate that the antagonism of FP receptors suppressed SD in the ischemic
rat cerebral cortex and reduced the duration of recurrent SDs by facilitating repolarization. In parallel, FP re-
ceptor antagonism improved perfusion in the ischemic cerebral cortex, and attenuated hypoemic CBF responses
associated with SD. Further, FP receptor antagonism appeared to restrain apoptotic cell death related to SD
recurrence. In summary, the antagonism of FP receptors (located at the neuro-vascular unit, neurons, astrocytes
and microglia) emerges as a promising approach to inhibit the evolution of SDs in cerebral ischemia.

1. Introduction

Spreading depolarization (SD), a remarkable neurophysiological
phenomenon, has been recognized to be central to neurodegeneration
after acute brain injury (Hartings et al., 2017a). Notably, recurrent SDs
have been associated with early focal brain injury and delayed ischemic

neurological deficit after subarachnoid hemorrhage (Dreier et al., 2006;
Hartings et al., 2017b; Eriksen et al., 2019), and may provoke un-
favorable hemodynamic and metabolic conditions in the cerebral cortex
of malignant hemispheric stroke patients (Woitzik et al., 2013;
Pinczolits et al., 2017).

SD corresponds to an abrupt, near complete breakdown of the
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transmembrane ion gradients and a near-complete sustained neuronal
and glial depolarization that propagates in the cerebral gray matter at a
slow rate (2–8 mm/min) (Leão, 1944; Somjen, 2001). The restoration of
the membrane potential requires the mobilization of metabolic re-
sources for the operation of ATP-dependent ion pumps (e.g. the Na+/
K+ ATP-ase). This need is met by a profound hyperemic cerebral blood
flow (CBF) response coupled to SD in otherwise non-compromised
tissue (Ayata and Lauritzen, 2015). The coupling between SD and local
CBF becomes impaired under ischemia, which may create a metabolic
supply-demand mismatch, a subsequent energy crisis superimposed on
prevailing ischemia, and facilitated tissue injury (Dreier, 2011).

The current understanding of the relevance of SD in acute brain
injuries posits that SD is harmful because its recurrence imposes an
overwhelming metabolic challenge and triggers excitotoxicity in is-
chemic brain tissue (Hartings et al., 2017a; Shuttleworth et al., 2019).
Consequently, the suppression of SD, or the improvement of the he-
modynamic response to SD have been considered as therapeutic ap-
proaches in the post-operative care of brain injury patients (Helbok
et al., 2019). Appreciating the cellular mechanisms of neurodegenera-
tion triggered by SD (Hertelendy et al., 2019), the pharmacological
modulation of SD has targeted (i) NMDA receptor-based glutamate
excitotoxicity with the non-selective NMDA receptor blocker ketamine
(Sánchez-Porras et al., 2017; Reinhart and Shuttleworth, 2018; Carlson
et al., 2018), (ii) neurotoxic or vasoconstrictive intracellular Ca2+ ac-
cumulation by the L-type voltage-gated Ca2+ channel blocker nimodi-
pine (Dreier et al., 2002; Carlson et al., 2019; Szabó, 2019), or (iii) SD-
coupled spreading ischemia by the anti-coagulant and vasodilator agent
cilostazol (Sugimoto et al., 2018).

We have gathered experimental evidence that prostaglandin sig-
naling may be an additional target for neuroprotection in the context of
SD (Varga et al., 2016). We have shown previously, that the antagonism
of the EP4 receptor of prostaglandin E2 (PGE2) worsened the char-
acteristics of SD (Varga et al., 2016). SD induces the release of ara-
chidonic acid in the nervous tissue (Lauritzen et al., 1990) and the
cyclooxygenase-based synthesis of a wide range of vasoactive arachi-
donic acid metabolites (Shibata et al., 1992). As such, the concentration
of both the vasodilator PGE2 and the vasoconstrictor prostaglandin-F2α
(PGF2α) was found to increase twofold in the cerebrospinal fluid in
response to experimentally induced SD in rabbits. Treatment with the
non-selective cyclooxygenase inhibitor indomethacin augmented the
SD-coupled hyperemia, indicative of the dominant involvement of va-
soconstrictive prostaglandins in the mediation of the CBF response
(Shibata et al., 1992). Later, the more selective pharmacological in-
hibition of the EP4 receptor of PGE2 reduced the magnitude of hy-
peremia and augmented post-SD oligemia (Varga et al., 2016), while
the antagonism of the FP receptor of PGF2α decreased the amplitude of
post-SD oligemia in the otherwise intact rat cerebral cortex (Gariepy
et al., 2017). These experimental data together suggest a fine balance of
EP4 and FP receptor activation in the regulation of the CBF response to
SD, and importantly, the vasoconstrictive contribution of the PGF2α –
FP receptor signaling.

The PGF2α – FP receptor signaling cascade has been implicated in
ischemia/reperfusion-induced neurodegeneration, as well. First, the
level of PGF2α was shown to increase in the brain tissue and the cer-
ebrospinal fluid in animal models of cerebral ischemia (Gaudet and
Levine, 1980; Katz et al., 1988). Later, neurological deficit and ischemic
lesion volume were found reduced in FP receptor knock-out compared
to wild type mice (Saleem et al., 2009), and the pharmacological an-
tagonism of FP receptors also resulted in smaller infarct volume and
better functional outcome in a mouse model of focal cerebral ischemia
(Kim et al., 2012). Further, the antagonism of FP receptors in an ex-
perimental model of traumatic brain injury – a disorder in which SD has
been implicated (Hartings et al., 2011a,b; Toth et al., 2016) – reduced
the injury-related neurological deficit (Glushakov et al., 2013). The FP-
receptor-linked neurodegenerative signaling is likely Ca2+-dependent,
because the agonism of FP receptors increased intracellular Ca2+

concentration in cultured neurons (Kim et al., 2012), although the
presence of FP receptors on neuronal membranes have not been un-
equivocally confirmed. Indeed, the comprehensive localization and
distribution of FP receptors in the central nervous system is still to be
established.

The synthesis of the experimental results on the implication of
PGF2α – FP receptor signaling in ischemic brain injury and SD
prompted us to hypothesize that SD must be a central mechanism in FP
receptor activation-related ischemic neuronal injury. We postulate that
neuronal FP receptors are activated by PGF2α accumulating with SD,
which may directly promote neurodegeneration. Simultaneously, cer-
ebrovascular PGF2α – FP receptor signaling in response to SD may
potentiate vasoconstriction, and thereby impede neuronal survival
under penumbra-like ischemic conditions. To test the hypotheses, we
carefully analyzed the characteristics of SD and the coupled CBF re-
sponse under pharmacological FP receptor antagonism in comparison
with control conditions in the ischemic rat brain. Then, the degree of
ischemia/reperfusion injury was evaluated with immunocytochemistry
in perfusion-fixed brain slices of the animals. Also, we set out to identify
which distinct elements of the nervous tissue carry FP receptors, to
confirm potential sites of action. Taken together, the ultimate purpose
of this study has been to evaluate the protective potential of FP receptor
antagonism against SD and the related neurodegeneration.

2. Materials and methods

2.1. Animals

The experimental procedures were approved by the National Food
Chain Safety and Animal Health Directorate of Csongrád County,
Hungary. The procedures were performed according to the guidelines of
the Scientific Committee of Animal Experimentation of the Hungarian
Academy of Sciences (updated Law and Regulations on Animal
Protection: 40/2013. (II. 14.) Gov. of Hungary), following the EU
Directive 2010/63/EU on the protection of experimental animals, and
in accordance with the ARRIVE guidelines.

Young adult, male Sprague-Dawley rats (Charles River Laboratories,
342 ± 40 g, n = 19) were used in this study. Standard rodent chow
and tap water were supplied ad libitum. The animals were housed
under constant temperature, humidity, and lighting conditions (23 °C,
12:12 h light/dark cycle, lights on at 7 a.m.).

The designed rate of the two groups (untreated and treated) was 1.
The necessary number of animals in each group was at least 7 to sup-
port 80% power (β = 20% risk of second species), which was calcu-
lated based on the standard deviation of electrophysiological and he-
modynamic parameters in earlier studies and the presumed differences
between the means of the two groups. The calculations were made in
software PS 3.1.2 version (Vanderbilt University, USA) and were also
tested in software GPower 3.1 (Heinrich Heine University of
Düsseldorf).

2.2. Surgical procedures

Animals were anesthetized with 1.5–2% isoflurane in N2O:O2 (2:1)
and were allowed to breathe spontaneously through a head cone during
the experiment. Body temperature was kept at 37.2 °C by a feedback-
controlled heating pad (Harvard Apparatus, USA). Atropine was ad-
ministered (0.1%, 0.05 ml; i.m) as premedication in order to avoid the
production of airway mucus. Mean arterial blood pressure (MABP) and
heart rate were monitored with a Mikro-Tip pressure catheter inserted
to the left femoral artery (Mikro-Tip BP Foundation System,
ADInstruments, Australia). The adjacent femoral vein was cannulated
for drug administration. The respiratory rate was monitored with a
piezo-electric pulse transducer (Pulse Transducer (DIN),
ADInstruments, Australia) attached to the chest of the animal. For the
later initiation of incomplete global forebrain ischemia, a midline
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incision was made in the neck and each common carotid artery was
carefully looped around with a surgical thread. Lidocaine (1%) was
used for local anesthesia. All rats were fixed by their head in a prone
position in a stereotaxic apparatus. The scalp was opened, and the
temporal muscle was gently retracted from the temporal bones. Two
adjacent craniotomies (5 mm lateral from the sagittal suture, −1, −5
caudal from the bregma) were prepared on the right parietal bone with
a dental drill (ProLab Basic, Bien Air 810, Switzerland) (Fig. 1). The
dura was then carefully opened in each craniotomy. The caudal window
was used for electrophysiological monitoring, while the rostral window
served SD elicitation. The cranial windows were constantly kept moist
by artificial cerebrospinal fluid (aCSF; mM concentrations: 126.6 NaCl,
3 KCl, 1.5 CaCl2, 1.2 MgCl2, 24.5 NaHCO3, 6.7 urea, 3.7 glucose bub-
bled with 95% O2 and 5% CO2 to achieve a constant pH of 7.4). The rest
of the bone was thinned, including the medial part of the contralateral
parietal bone (Fig. 1) in order to visualize CBF changes with laser
speckle contrast imaging (LSCI) (PeriCam PSI HR, Perimed AB,
Sweden).

Two of the rats were excluded because they developed respiratory
failure under anesthesia and died as a consequence during the experi-
mental protocol. One additional animal was terminated before the be-
ginning of the experimental protocol because the preparation of the
cranial window caused extensive hemorrhage. This resulted in group
sizes of 7 and 8 rats, AL-8810-treated and control, respectively.

2.3. Recording of electrophysiological variables and imaging of cerebral
blood flow

For the acquisition of the electrocorticogram (ECoG) and slow cor-
tical or direct current (DC) potential, a saline-filled (120 mM NaCl)
glass capillary microelectrode (20 μm outer tip diameter) was inserted
700 μm deep into the right somatosensory cortex. An Ag/AgCl reference
electrode was implanted under the skin of the animal's neck. The
electrophysiological signals were recorded via a high input impedance
pre-amplifier (NL102GH, NeuroLog System, Digitimer Ltd., United
Kingdom), connected to a differential amplifier (NL106, NeuroLog
System, Digitimer Ltd., United Kingdom) with associated filter (ECoG
filtered in wideband scale: 0.5–35 Hz, DC filtered in DC
mode;< 0.5 Hz) and conditioner systems (NL125, NL144, NL530,
NeuroLog System, Digitimer Ltd., United Kingdom). Line frequency
noise (50 Hz) was removed by a high-quality noise eliminator
(HumBug, Quest Scientific Instruments Inc., Canada). The electrical
signals along with MABP and respiration were digitalized by a
PowerLab data acquisition device (ADInstruments, Australia) con-
trolled through a dedicated software LabChart 8 (ADInstruments,
Australia) at a sampling frequency of 2 kHz.

Laser speckle contrast imaging was used to record SD-associated
changes in local CBF over the bilateral somatosensory cortex under

thinned cranial bones. Heatmap images of CBF were created in the
software PIMSoft (Software Version 1.3, Perimed AB, Sweden), dedi-
cated to the LSCI apparatus PeriCam PSI HR (Perimed AB, Sweden).
Three regions of interest (0.01 mm2 each) were positioned over the
right parietal cortex (posterior, lateral, anterior) ipsilateral to SD in-
duction to extract local CBF variations from the CBF image sequence
(Fig. 4A). Arbitrary perfusion units were converted to relative CBF
changes offline, with respect to the first 5 min of baseline (100%) and
averaged biological zero (0%) taken from previous experiments.

2.4. Experimental protocol

After 10 min of baseline period, both common carotid arteries were
occluded (2-vessel occlusion, 2VO) by pulling and securing the surgical
threads looped around the vessels. Successful 2VO was confirmed by a
sharp drop of CBF. The FP-receptor antagonist AL-8810 (1 mg/bwkg,
dissolved in 0.1% dimethyl sulfoxide in physiological saline, Sigma-
Aldrich, USA) or its vehicle were bolus administered i.v. in 1 ml volume
10 min after 2VO onset (Fig. 1). The dose of AL-8810 was selected to
correspond to a dose found effective to reduce ischemic brain infarct
volume in a previous experimental study, where AL-8810 was injected
i.v. at 1 or 10 mg/bwkg (Kim et al., 2012). Since the lower con-
centration was found effective (Kim et al., 2012), and lower drug
concentrations are expected to deliver potential side effects less likely,
we designed our experiments accordingly. SDs were triggered with a
1 M KCl-soaked cotton ball placed on the cortex (Farkas et al., 2011)
20 min after drug infusion (Fig. 1.). The cotton ball was removed and
the craniotomy rinsed with aCSF after two subsequent SD events, pro-
voked at an inter-SD interval of at least 15 min. Next, the KCl-soaked
cotton ball was left on the brain surface for 60 min to induce clusters of
SDs. Finally, reperfusion was initiated by releasing the carotid arteries,
and the animals were kept under light sedation (1% isoflurane) for an
additional 3 h in order for ischemic tissue injury to mature.

2.5. Tissue processing and immunocytochemistry

The animals were transcardially perfused with ice-cold physiolo-
gical saline followed by 4% paraformaldehyde (PFA) under deep
chloral hydrate anesthesia (5%, i.p., 500 mg/bwkg) at the end of the
experimental protocol. The brains were removed, stored in 4% PFA at
4 °C overnight, and cryoprotected in 30% sucrose in phosphate buffered
saline (PBS). Coronal, 20-μm-thick forebrain sections were cut with a
freezing microtome (Leica CM 1860 UV, Leica, Germany). Slices were
selected for the permanent immunocytochemical staining of cleaved
caspase-3 (CC3), the immunofluorescent co-localization of CC3 with the
neuron marker neuronal nuclear protein (NeuN) or the astrocyte
marker glial fibrillary acidic protein (GFAP), or the immunofluorescent
co-localization of FP receptors with neural glial, as well as

Fig. 1. Graphical illustration of the experimental protocol. A, In the preparation, black circles indicate the position of the two open cranial windows (1 mm caudal
from bregma and 5 mm lateral from the sagittal suture), created for the recording of the electrocorticogram (ECoG) and direct current (DC) potential (caudal
window) and the experimental elicitation of spreading depolarizations (SD) with KCl (rostral window). The dorsal cranium thinned for the monitoring of cerebral
blood flow (CBF) with laser speckle contrast imaging (LSCI) is shaded gray. B, The schematic drawing illustrates the subsequent phases of the experimental protocol.
After the initiation of global forebrain ischemia, the FP receptor antagonist AL-8810 or its vehicle, 0.1% dimethyl sulfoxide (DMSO) was bolus injected i.v..
Subsequently, SDs were triggered – in a controlled and then a continuous manner – at the ipsilateral cerebral cortex. After a period of reperfusion, the brains were
removed for histological examination.

D.P. Varga, et al. Neurobiology of Disease 137 (2020) 104780

3



cerebrovascular elements.
First, apoptotic cell injury was characterized with cleaved caspase-3

(CC3) and the activation of microglia with ionized calcium-binding
adapter molecule (Iba1) immunolabeling on selected coronal slices
(bregma +1, −3.14 and −6.04 mm, Paxinos and Watson atlas co-
ordinates; two slices per plane). Endogenous peroxidases were blocked
with 5% H2O2, nonspecific protein-binding sites were blocked with 5%
normal goat serum (Merck, Kenilworth, USA), and slices were per-
meabilized with 0.5% Triton X-100 (Merck, Kenilworth, USA) in Tris-
buffered saline (TBS). Slices were incubated with rabbit anti-CC3 or
anti-Iba1 primary antibody (CC3: Abcam, ab13847, 1:300; Iba1: rabbit,
FujiFilm Wako, NCNP24, 1:3000) overnight at 4 °C. The subsequent
steps of incubation included an enhancer reagent for 1 h at room
temperature, and horseradish-peroxidase-linked secondary antibody for
3 h at room temperature, both being components of the Polink-2 Plus
HRP Detection Kit (for rabbit primary antibody with diaminobenzidine
(DAB) chromogen, D39–18, GBI Labs, USA). The staining was visua-
lized with DAB. The slices were mounted on microscopic slides with
Eukit® (Merck, USA) and digitally recorded either with a microscope
slide scanner (Zeiss Mirax Midi Slide Scanner, Carl Zeiss MicroImaging
GmbH, Germany) operated by a CaseViewer software (3D Histech Ltd.,
Hungary), or a Nikon-DS Fi3 camera attached to a Leica DM 2000 Led
light microscope (Leica Microsystems GmbH, Germany). The CC3-la-
beled slides were evaluated by manual cell counting with the
CellCounter plugin of ImageJ by two observers blind to the experi-
mental design (Wayne Rasband, NIH). In the Iba1-immunolabeled
slices, cells were counted, and microglia activation was characterized
with a ramification index exactly as reported earlier (Tóth, 2020)

Next, the cell types of the nervous tissue involved in apoptotic cell
death were identified by the representative co-localization of cleaved
caspase-3 with NeuN or GFAP. Antigens were retrieved with 10-minute-
long boiling in citrate buffer (pH 5, 95 °C, 300 rpm). Slices were per-
meabilized with 0.2% Triton X-100 in PBS for 30 min. Non-specific
protein-binding sites were blocked with 3% bovine serum albumin
(BSA) for 1 h at room temperature. Slices were incubated with primary
antibodies overnight at 4 °C (anti-cleaved caspase-3: rabbit, Cell
Signaling, #9661, 1:500; anti-GFAP: mouse, Sigma, G3893, 1:10000;
anti-NeuN: mouse, Millipore, MAB377, 1:500; in 1% BSA in PBS).
Secondary antibodies were applied for 1 h at room temperature (anti-
rabbit Alexa 594; goat, Jackson Laboratories, 1:500; anti-mouse Alexa
488, goat, Jackson Laboratories, 1:500; in 1% BSA in PBS). Slices were
mounted with Fluoromount-G with DAPI (Thermo Fisher Scientific,
USA), for the additional visualization of cell nuclei. Representative
photomicrographs were taken of the somatosensory cortex of a control
animal with a Leica SP5 inverted laser scanning confocal microscope
(TE2000U, Leica Microsystems GmbH, Germany) with 63× objective
with additional digital zoom giving. Confocal images were pieced to-
gether and processed in ImageJ.

Finally, in order to identify the cellular and subcellular localization
of FP receptors, the receptors were co-labeled with NeuN (neuronal
marker), GFAP (astrocyte marker), Iba1 (microglia marker), claudin-5

(endothelial cell marker) or alpha-actin (vascular smooth muscle cell
marker) in slices from a naïve animal. Antigens were retrieved with 10-
minute-long boiling in citrate buffer (pH 5; 95 °C, shaking at 300 rpm)
for claudin-5 co-staining. All slices were permeabilized with 0.2%
Triton X-100 in PBS for 30 min. Non-specific protein-binding sites were
blocked with 3% BSA for 1 h at room temperature. Slices were in-
cubated with primary antibodies overnight at 4 °C (anti-FP receptor:
rabbit, Abcam, ab203342, 1:100; anti-NeuN: mouse, Millipore,
MAB377, 1:500; anti-GFAP: mouse, Sigma, G3893, 1:10000; anti-Iba-1:
goat, Abcam, ab48004, 1:500; anti-claudin-5: mouse, Invitrogen,
#4C3C2, 1:100; in 1% BSA in PBS; anti-α-smooth muscle actin,
GeneTex, GTX73419, ready-to-use). Secondary antibodies were applied
for 1 h at room temperature (anti-rabbit STAR RED; goat, Abberior,
1:500; anti-mouse STAR 580, goat, Abberior, 1:500; anti-goat Alexa-
594, donkey, Thermo Fisher Scientific, 1:500; in 1% BSA in PBS). In
case of Iba-1 and FP double staining, the incubation with anti-goat
secondary antibody was followed by the incubation with goat anti-
rabbit antibody to avoid cross-reaction. Slices were mounted with
Fluoromount-G (Thermo Fisher Scientific). Representative confocal
images were taken of the somatosensory cortex with a Zeiss Axio
Observer Z1 inverted microscope (Carl Zeiss GmbH, Germany), and
pieced together and processed in ImageJ (National Institutes of Health,
Bethesda, Maryland, USA).

2.6. Data analysis

Physiological variables (i.e. DC potential and MABP) were si-
multaneously acquired, displayed live, and stored using a personal
computer equipped with the software LabChart 8 (ADInstruments,
Australia). the LSCI signal was acquired with PeriFlux System 5000
(Perimed AB, Sweden) and displayed live with PIMSoft. Raw LSCI re-
cordings were downsampled to 1 Hz before analysis. All data were then
converted and analyzed with the inbuilt instructions of the software
AcqKnowledge 4.2 for MP 150 (Biopac Systems, Inc., USA).

Blinding data analysis was intended by assigning codes to files and
recordings, which do not reveal the experimental condition (i.e., date of
the experiment). The SD events were first sorted according to their
duration and amplitude: With reference to regular transient SDs, pro-
longed SDs were noted when the depolarization was longer than 3 min
while the amplitude of the depolarization was similar to transient SDs
(> 10 mV), and incomplete SDs were identified by their amplitude
smaller than 10 mV, and their duration shorter than 30 s (Fig. 2A). For
all SD events, peak amplitude, duration at half amplitude, the rate of
depolarization and repolarization, and area under the curve (AUC) were
measured on the DC potential trace. The distribution of spectral power
of the ECoG recordings at alpha (8–13 Hz) and delta (1–4 Hz) frequency
bands were done with the software LabChart Pro (Labchart 8, National
Instrument, Australia). Total power for each frequency band was ex-
pressed for 60-s periods taken (i) before the induction of cerebral
ischemia, (ii) before the controlled elicitation of the 1st SD, (iii) before
continuous SD elicitation, and (iv) after reperfusion. As a proxy for

Fig. 2. Distinct types of spreading depolarization (SD) events, and their incidence during the phase of continuous elicitation. A, Traces depict DC potential changes
(lower trace, blue) and cerebral blood flow (CBF) responses (upper trace, red) representative of the different types of SDs. B, The incidence of various SD types are
given relative to the total number of SDs for the two experimental groups. Statistical association between Treatment and Types of SDs was analyzed with Chi-Square
Test (p = .01**). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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latter lesion formation, alpha-to-delta ratio (ADR) was calculated for
each time points (Menyhárt et al., 2015). SD frequency was also cal-
culated for recurrent events under continuous elicitation.

The CBF response to SD was first categorized as hyperemic (dom-
inating element of transient hyperemia), hypoemic (transient hypo-
perfusion alone) or no detectable CBF variation at a clear negative shift
(i.e. > 10 mV) of the DC potential (Bere et al., 2014). The SD-associated
hyperemia and hypoemia were then characterized by the peak ampli-
tude, and the duration of the transient CBF change. Data analysis was
shared among four independent investigators.

Data are given as mean ± stdev; parametric data are shown as bar
charts, while non-parametric data are presented with additional scatter
plots. The results were statistically analyzed with the software SPSS
(IBM SPSS Statistics for Windows, Version 22.0, IBM Corp.). Grubbs test
was applied to identify potential outliers. For the evaluation of statis-
tical significance, a repeated measure or a two-way analysis of variance
(ANOVA) model was used for data sets with normal distribution.
Tukey's HSD or Games–Howell post hoc test was used for group com-
parisons, whenever applicable. When the data did not fit normal dis-
tribution, non-parametric Mann-Whitney test was used. Frequency
distributions were evaluated with a Pearson's Chi-square test. Levels of
significance were defined as p < .05* and p < .01**. All relevant
statistical methods are given in each figure legend.

3. Results

3.1. Physiological parameters were unaltered by the AL-8810 treatment

In order to evaluate whether the intravenous administration of AL-
8810 had any potential impact on systemic physiological variables, we
analyzed arterial blood samples and cardiorespiratory parameters
(Table 1). The systemic physiological variables were within the normal
range throughout the experimental protocol. Ischemia increased MABP
(e.g. vehicle group: 85.3 ± 10.5 vs. 78.0 ± 9.3 mmHg, ischemia vs.
baseline) and arterial pO2 (e.g. vehicle group: 110.9 ± 11.8 vs.
105.4 ± 15.1 mmHg, ischemia vs. baseline), as in other experimental
models of cerebral ischemia (Menyhárt et al., 2015; Lückl et al., 2018).
The treatment with AL-8810 did not exert any detectable impact on the
examined variables (Table 1).

3.2. AL-8810 reduced depolarization time and promoted early recovery
after SD

The occurrence of SD clusters or prolonged depolarizations, and the
long cumulative duration of recurrent SDs indicate and predict the
development of secondary ischemic brain injury after an acute insult
(Dreier et al., 2006; Hartings et al., 2017a; Shuttleworth et al., 2019).
We have demonstrated earlier that the inhibition of the EP4 receptor of
PGE2 causes the unfavorable elongation of SD in the ischemic cerebral
cortex (Varga et al., 2016). Here we explored whether the antagonism
of the FP receptor of PGF2α modulates the occurrence or duration of
SDs beneficially.

SD occurrence was confirmed with electrophysiology and LSCI in

the ipsilateral cortex, but no SD propagation to the contralateral side
was seen in the CBF maps. In case of the initial, controlled elicitation,
all SDs were transient with no statistical difference in the DC potential
signature between the two groups (i.e. amplitude: −18.3 ± 2.7 vs.
−18.0 ± 2.6 mV, AL-8810 vs. vehicle; duration at half amplitude:
55 ± 25 vs. 56 ± 19 s, AL-8810 vs. vehicle).

Subsequent to controlled SD elicitation, clusters of SDs were trig-
gered with continuous KCl exposure. Each of these recurrent SDs was
categorized as transient, prolonged or incomplete, on the basis of their
DC potential signature acquired at the implanted electrode (Fig. 2A).
Then their incidence relative to the total number of recurrent SDs was
expressed for the AL-8810 and the vehicle-treated groups separately
(Fig. 2B). Incomplete SDs typically occurred towards the end of the
continuous SD elicitation. The antagonism of FP receptors with AL-
8810 prevented the evolution of prolonged SDs (0 vs. 15%, AL-8810 vs.
vehicle), and achieved a complementary increase in the incidence of
incomplete SDs (25 vs. 5%, AL-8810 vs. vehicle). At the same time, the
share of regular transient SDs of all recurrent events remained com-
parable between the two experimental groups (75 vs. 80%, AL-8810 vs.
vehicle) (Fig. 2B).

Detailed, quantitative analysis of recurrent SDs focused on transient
events (Fig. 3). Similar to the controlled SDs, the amplitude of the
clustered SDs was similar in the two experimental groups
(−17.5 ± 2.4 vs. −16.9 ± 3.1 mV, AL-8810 vs. vehicle). Never-
theless, AL-8810 treatment accelerated the repolarization after SDs
(0.84 ± 0.4 vs. 0.45 ± 0.22 mV/s, AL-8810 and vehicle) (Fig 3A1).
Accordingly, the average duration of an SD at half amplitude (30 ± 10
vs. 56 ± 14 s, AL-8810 vs. vehicle) (Fig. 3A2), as well as the cumu-
lative duration of recurrent transient SDs was found shorter (304 ± 71
vs. 577 ± 154 s, AL-8810 vs. vehicle) in the AL-8810-treated com-
pared to the control group. In line with these data, the magnitude of
individual SDs expressed as AUC was reduced in the AL-8810 treated
group compared to control (585 ± 192 vs. 942 ± 251 mV*s; AL-8810
vs. vehicle) (Fig 3A3). Taken together, FP receptor blockade prevented
the development of prolonged depolarization, accelerated repolariza-
tion, and shortened the cumulative duration of clustered, recurrent SDs.

3.3. AL-8810 increased electrocorticographic alpha-to-delta ratio in the
reperfused cortex

Lowering electrocorticographic alpha-to-delta ratio (alpha power/
delta power, ADR) has been proposed as a sensitive and selective tool to
predict the evolution of delayed cerebral ischemia after aneurismal
subarachnoid hemorrhage (Claassen et al., 2004; Rots et al., 2016; Yu
et al., 2019). In addition, delayed cerebral ischemia has been linked to
SD (Dreier et al., 2006; Dreier et al., 2009). Therefore, we calculated
ECoG power for alpha (8–13 Hz) and delta (1–4 Hz) frequency bands
and expressed ADR for 4 selected time points over the experimental
protocol (Fig. 3B1). As expected, ADR taken prior to ischemia induction
and the initiation of AL-8810 treatment was comparable for the two
experimental groups (0.67 ± 0.20 and 0.63 ± 0.29; AL-8810 and
vehicle). ADR remained similar 30 min after the induction of ischemia
and the administration of AL-8810 (0.81 ± 0.36 and 0.65 ± 0.26; AL-

Table 1
Physiological variables.

Pharmacological
treatment

n Body weight (g) Time of
sampling

MABP (mmHg) Heart rate (BPM) Rate of respiration
(Hz)

Arterial pO2 (mmHg) Arterial pCO2

(mmHg)

Vehicle 8 335 ± 48 Before 2VO 78.0 ± 9.3 352 ± 49 1.19 ± 0.12 105.4 ± 15.1 41.6 ± 3.2
After 2VO 85.3 ± 10.5* 328 ± 58 1.12 ± 0.13 110.9 ± 11.8* 38.4 ± 7.2

AL-8810 7 353 ± 38 Before 2VO 78.1 ± 7.7 339 ± 22 1.31 ± 0.19 102.6 ± 16.1 38.5 ± 3.0
After 2VO 83.5 ± 8.5* 334 ± 28 1.22 ± 0.24 118.6 ± 27* 38.6 ± 2.3

Data are given as mean ± stdev. A two-way ANOVA model (factors: ischemia and treatment) was used for statistical analysis. Ischemia was found to increase blood
pressure and arterial pO2 significantly (p < .05*). Abbreviations: 2VO, permanent, bilateral occlusion of the common carotid arteries (“two-vessel occlusion”); BPM,
beat per minute; MABP: mean arterial blood pressure.
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8810 and vehicle). After the controlled elicitation of two SDs, ADR
reduced in both experimental groups equally (0.45 ± 0.23 and
0.36 ± 0.22; AL-8810 and vehicle). Finally, 5 min after the initiation
of reperfusion and the cessation of clusters of recurrent SDs, ADR in-
creased selectively in the AL-8810 treated group (0.66 ± 0.29 vs.
0.35 ± 0.17; AL-8810 vs. vehicle) (Fig. 3B2). Thus, ADR – a perceived
predictor of late ischemic injury – was improved during early reperfu-
sion by AL-8810 treatment.

3.4. AL-8810 augmented hyperemia and attenuated hypoperfusion with SD

The CBF response to SD consists of at least three distinct elements
including a brief, early hypoperfusion, a subsequent, substantial hy-
peremia, and a final, long lasting oligemia (Ayata and Lauritzen, 2015).
The pharmacological augmentation of the CBF response to SD in the
service of neuroprotection is a realistic goal, because insufficient hy-
peremia and especially the occurrence of spreading ischemia (i.e. the
early hypoperfusion element of the CBF response overriding the hy-
peremic component) delays repolarization and reduces the viability of
penumbra tissue (Dreier, 2011; Hartings et al., 2017a).

The spatial resolution offered by LSCI in our experiments enabled a
comprehensive analysis of the CBF response to SD. We concentrated our
detailed analysis on recurrent SDs, which emerged as regular, transient
negative DC potential shifts (amplitude> 10 mV, duration< 3 min) at
the electrode implanted. First, with the aid of placing multiple regions
of interest (ROIs) on the CBF videos (Fig. 4A), we noted that the kinetics
of the CBF response associated to a given SD may alter over the course
of SD propagation. Hyperemic CBF response was most frequently en-
countered at the ROI positioned over the open cranial window in-
corporating the electrode (lateral in Fig. 4A–C; 92 and 100%, AL-8810
and vehicle). The CBF response to the same SD often escaped detection
(“no CBF response”) at ROIs over the thinned parietal bone (anterior:
31 and 48%, posterior: 35 and 26%, AL-8810 and vehicle). Finally, the
CBF response transformed occasionally to hypoperfusion at the anterior
ROI placed over the medial fronto-parietal cortex, particularly in the
control group (12 and 22%, AL-8810 and vehicle) (Fig. 4A–B).

The detailed, quantitative analysis of the hyperemic CBF responses
revealed that AL-8810-treatment elevated baseline CBF prior to SD (e.g.
lateral ROI: 73.0 ± 13.8 vs. 56.8 ± 6.3%; AL-8810 vs. vehicle), and
therefore augmented the absolute amplitude of the SD-coupled hyper-
emia, as well (e.g. lateral ROI: 104.1 ± 25.0 vs. 76.0 ± 8.6%, AL-
8810 vs. vehicle) (Fig. 4D). Further, AL-8810 treatment attenuated
hypoemic CBF responses, which was reflected by the smaller relative
amplitude of the hypoperfusion transients (−5.4 ± 1.7 vs
−14.0 ± 1.8 pp., AL-8810 vs. vehicle) (Fig. 4E). Also, progressive
perfusion deficit during continuous SD elicitation was less prominent in
the AL-8810 treated group compared to control, resulting in higher CBF
prior to the initiation of reperfusion (68.2 ± 14.5 vs. 58.6 ± 9.6%,
AL-8810 vs. vehicle). Finally, the rate of propagation of the SD coupled
CBF response was accelerated under AL-8810 treatment compared to
the control condition (3.0 ± 0.7 vs. 2.4 ± 0.5 mm/min, AL-8810 vs.
vehicle) (Fig. 4F). Together these data demonstrate that AL-8810
treatment increased CBF in the ischemic cerebral cortex, and counter-
acted transient CBF reduction with SD.

3.5. AL-8810 treatment salvaged SD triggered apoptosis in the cortex, but
exerted no impact on microglia activation

Cleaved caspase-3 (CC3) has been a widely accepted apoptosis
marker in the nervous tissue (Fricker et al., 2018), which can be de-
tected confidently 3 h after the onset of reperfusion (Davoli et al., 2002;
Manabat et al., 2003).

Accordingly, we collected brain samples 3 h after the initiation of
reperfusion to assess the neuroprotective potential of AL-8810. CC3-
positive apoptotic cells were observed in striatal, hippocampal and
cortical areas in both experimental groups, albeit to a lesser degree in
the AL-8810-treated animals (Fig. 5A-B1). The immunofluorescent co-
localization of CC3 with NeuN and GFAP revealed that both neurons
and astrocytes were engaged in apoptosis (Fig. 5B2). With the antici-
pation of more extensive apoptosis in the hemisphere ipsilateral to SD
elicitation, the number of CC3-immunopositive cells was normalized to
the contralateral side. The quantitative approach suggested a significant

Fig. 3. The impact of AL-8810 treatment on the electrophysiological features of spreading depolarization (SD). A, The transient, negative DC potential shift indicating
SDs, triggered under continuous elicitation, is shown for each group (mean ± stdev). The rate of repolarization (A1), the duration at half amplitude (A2) and the area
under the curve (AUC) (A3) of the negative DC potential shift are depicted in bar charts. Dots denote individual values. Statistical analysis relied on Mann-Whitney
Rank sum test; **p < .01. B1, Representative DC potential traces and the corresponding electrocorticogram (ECoG) of a control (black) and an AL-8810 (blue)
treated animal. Note the typical depression of the ECoG with each SD. The ratio of the power of the frequency bands alpha and delta (alpha/delta ratio, ADR) was
calculated before the induction of cerebral ischemia (a), before the controlled elicitation of the 1st SD (b), before continuous SD elicitation (c), and after reperfusion
initiation (d). B2, ADR for the selected segments of the ECoG recordings. Statistical comparison relied on a repeated measures ANOVA (factor: treatment; p < .01**).
Pairwise comparisons for each time point were conducted with one-way ANOVA; *p < .05, AL-8810 vs. respective control. Sample size is indicated in each bar. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. The impact of AL-8810 treatment on the cerebral blood flow (CBF) response to spreading depolarization (SD) under continuous elicitation. A, A representative
CBF map obtained with laser speckle contrast imaging demonstrates the 3 regions of interest (ROI), at which CBF variations were extracted: the lateral, the anterior,
and the posterior parietal cortex. The asterisk denotes the position of the glass capillary electrode implanted. B, Representative hyperemic and hypoemic CBF
responses to SD recorded from a control (black) and an AL-8810 treated (blue) animal. C, The table gives an overview of the occurrence of CBF response types relative
to all events at the distinct ROIs in the two experimental groups. Statistical association between ROI position and CBF response type was analyzed with a Pearson Chi-
Square Test (p < .01**). D, Baseline CBF prior to SD occurrence and the absolute amplitude of peak hyperemia coupled to SD in the anterior, lateral and posterior
parietal cortex. The base of each bar is set to the CBF level preceding the SD events. E, The relative amplitude of hypoperfusion. F, The average rate of propagation of
SDs calculated from the CBF maps for each group. Data in D-F are given as mean ± stdev; spehrical symbols in E-F represent individual values. Statistical analysis
relied on a repeated ANOVA (D) or Mann-Whitney Rank sum test (E–F); p < .05* and p < .01**. The number of events analyzed is indicated in each bar. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Neuroprotection achieved by FP receptor antagonism in the rat brain. A, Schematic coronal brain slices demonstrate gray matter regions in the ipsilateral (IL,
spreading depolarization elicitation on the background of ischemia) and contralateral (CL, ischemia alone) brain hemispheres, in which cleaved caspase-3 (CC3)
positive, apoptotic cells were quantitated: the striatum, the dentate gyrus of the hippocampus, and somatosensory parietal and occipital cortical areas (Som. and Occ.
cortex, respectively). B1, Representative photomicrographs taken of the occipital cortex ipsilateral to SD elicitation demonstrate that the number of CC3-labeled cells
(chromogen: diaminobenzidine) was reduced in the AL-8810-treated group compared to the control condition. B2, Fluorescent co-localization of CC3 labelling with
the cell nuclei (DAPI) of NeuN positive neurons (top) or GFAP-positive astrocytes (bottom) revealed that both neurons and astrocytes were engaged in apoptosis. C,
The CC3-positive cell count demonstrated that apoptosis was more prevalent in the hemisphere ipsilateral to SD elicitation, relative to the contralateral side. AL-8810
proved to exert neuroprotection in that the number of CC3-positive cells was similar in the two hemispheres in the treated group, particularly in the dentate gyrus and
the cerebral cortex. Data are given as mean ± stdev; sample size is given in each bar; statistical analysis was conducted using repeated measures ANOVA with
treatment as a factor (**p < .01). D, Representative images of Iba1 immunolabeled microglia. Photomicrographs were taken of the somatosensory cortex at
−3.14 mm from bregma. E, Microglial activation represented by the ramification of microglia was augmented in the ipsilateral compared to the contralateral
cerebral cortex, irrespective of treatment. Data are given as mean ± stdev; sample size is given in each bar; statistical analysis was conducted using a two-way
ANOVA model with lateralization and treatment as factors (*p < .05).
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neuroprotective effect of AL-8810 shown by the reduction of CC3 po-
sitive cell numbers in the ipsilateral relative to the contralateral
hemisphere (e.g. somatosensory and occipital cortices: 94.4 ± 12.6%
vs. 112.9 ± 7.0%; 104.3 ± 17.6% vs. 125,7 ± 17,7%, respectively,
AL-8810 vs. vehicle) (Fig. 5C). Overall, AL-8810 treatment appeared to
offer detectible neuroprotection measured early after ischemia/re-
perfusion induction.

Microgia activation is a rapid neuro-inflammatory response to in-
jury, which was previously suppressed with AL-8810, assessed days
after experimental traumatic brain injury (Glushakov et al., 2013). We
have observed intensive Iba1 immuno-labeling in the tissue samples
(Fig. 5D). While the number of labeled microglia was similar in the two
hemispheres irrespective of treatment (31 ± 7 and 28 ± 6, contra-
and ipsilateral), their arborization was less dense in the ipsilateral
hemisphere indicative of their increased activation (ramification index:
112.7 ± 55.4 vs. 174.2 ± 73.8, ipsi- vs. contralateral). The admin-
istration of AL-8810 did not exert any discernable impact on the ra-
mification of microglia processes (ramification index: 148.6 ± 63.8
and 138.3 ± 80.3, control and AL-8810) (Fig. 5D-E).

3.6. FP receptors were associated with neurons, astrocytes, microglia, and
cerebrovascular endothelial cells

FP receptors have been previously identified in brain synaptosomes
and microvessels in newborn and adult pigs (Li et al., 1993, 1994), and
cultured rat astrocytes (Kitanaka et al., 1994). Here we set out to vi-
sualize FP receptor presence on neuronal, glial (astrocyte and micro-
glia) and cerebrovascular (endothelial and smooth muscle cell) com-
partments as potential sites of AL-8810 action.

The co-localization of FP receptors with NeuN and GFAP confirmed
the localization of FP receptors predominantly in the nuclear envelope
of neurons (Fig. 6A), as well as in the perikaryon and perivascular
endfeet of astrocytes (Fig. 6B1-2). In addition, we observed a robust co-
localization of FP receptors with Iba1-labeled microglia (Fig. 6C). The
presence of FP receptors was also obvious in claudin-labeled cere-
bromicrovascular endothelial cells. However, we were not able to de-
tect FP receptors unequivocally in α-actin-labeled cerebrovascular
smooth muscle cells. In summary, FP receptor expression has been
confirmed in both neuronal, glial and vascular elements in the rat brain.

4. Discussion

Here we have explored the neuroprotective potential of the antag-
onism of the PGF2α FP receptor in experimental global forebrain
ischemia/reperfusion exacerbated by recurrent SDs.

Prostaglandin signaling has been in the center of pharmaceutical
research for decades. Importantly, experimental research suggested that
cyclooxygenase-2 enzyme (COX-2) inhibition may have therapeutic
potential in stroke (Candelario-Jalil and Fiebich, 2008). However, the
controversial action of repetitively administered COX-2 inhibitors on
platelet function may manifest in cardiovascular adverse effects in-
cluding thrombus formation and heart failure (Santilli et al., 2016). In
particular, in the context of ischemic brain injury, the use of COX-2
inhibitors prior to the occurrence of ischemic stroke was associated
with worse stroke outcome in patients (Schmidt et al., 2014). Since
COX-2 inhibition suppresses the synthesis of all types of prostaglandins
downstream to the enzyme (e.g. PGE2, PGF2α, thromboxanes), and
each prostaglandin may act on a number of receptor types mediating
complementary or opposing actions, subsequent efforts focused on the
selective modulation of distinct prostaglandin receptors. Indeed, the
EP1-EP4 receptors of PGE2 have been intensively studied and a wealth
of experimental data on their implication in ischemic brain injury have
been gathered (Andreasson, 2010). In the context of SD, EP4 receptors
appeared to be involved in the repolarization phase of SD in the is-
chemic rodent brain (Varga et al., 2016). Yet, the FP receptor of PGF2α
appears to have received considerably less attention (Zhang et al.,
2010; Sharif and Klimko, 2019), even though PGF2α concentration was
elevated in the brain tissue and the cerebrospinal fluid in animal models
of cerebral ischemia or SD (Gaudet and Levine, 1980; Katz et al., 1988;
Shibata et al., 1992), and PGF2α immunolabeling was found enhanced
after cerebral ischemia/reperfusion in the cerebral vascular wall and
hippocampal neurons of rats (Ogawa et al., 1987).

Our data demonstrate that the antagonism of the PGF2α FP re-
ceptors suppressed SD in the ischemic rat cerebral cortex (Fig. 2), re-
duced the duration of recurrent SDs by facilitating repolarization, and
augmented the recovery of ECoG during reperfusion (Fig. 3). Parallel
with the neurophysiological actions, FP receptor antagonism improved
perfusion in the ischemic cerebral cortex, and attenuated hypoemic CBF
responses associated with SD (Fig. 4). Further, FP receptor antagonism
appeared to curtail apoptotic cell death related to SD recurrence
(Fig. 5). Collectively, these findings are in agreement with a number of
previous reports of a research group, which presented that the phar-
macological antagonism or genetic knock-out of FP receptors reduced
ischemic infarct volume and improved functional outcome in pre-
clinical models of ischemic or traumatic brain injury (Saleem et al.,
2009; Kim et al., 2012; Glushakov et al., 2013). Since spontaneous,
recurrent SDs of long cumulative duration have been strongly im-
plicated in the pathophysiology of ischemic or traumatic brain injury
(Dreier et al., 2006; Hartings et al., 2017a), it is plausible that the fa-
cilitated recovery from SD achieved with FP receptor antagonism – as

Fig. 6. The cellular localization of FP receptors in the rat brain in representative fluorescent confocal microscopic images. A, FP receptors are associated to the
nuclear envelope of neuronal nuclear protein (NeuN)- positive neurons, B1, FP receptors are localized in the cytoplasm of astrocytes labeled with glial fibrillary acidic
protein (GFAP). B2, FP receptors are seen on GFAP-positive perivascular astrocytic endfeet. The vascular lumen is labeled with an asterisk. C, The co-localization of
FP receptors with the microglia marker ionized calcium-binding adapter molecule (Iba1).
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shown here – could have contributed to reduced lesion volume and less
severe functional deficit registered in the previous studies.

The ability of the nervous tissue to repolarize after SD is subject to
the metabolic status of the brain region involved in SD evolution. The
increasing severity of ischemia – and thus energy depletion of the tissue
– leads to sodium pump dysfunction and the failure of active ion
translocation between the intra- and extracellular compartments, and
delays the recovery of the resting membrane potential once SD has
occurred (Dreier, 2011). Since FP receptor antagonism in our experi-
ments markedly improved the perfusion of the ischemic cerebral cortex
(Fig. 4), it is conceivable that SD duration was shortened in the AL-
8810-treated animals (Fig. 3) because the tissue was metabolically less
compromised. Indeed, FP receptors at the periphery have been pre-
viously implicated in the regulation of vascular tone (Zhang et al.,
2010). FP receptors were associated with cultured smooth muscle cells
of a cell line derived from the embryonic rat aorta (Rice et al., 2008),
and the smooth muscle cells of preglomerular arterioles in the kidney
(Yu et al., 2009). The presence of FP receptors on vascular smooth
muscle cells was suggested to be the anatomical basis for FP receptor
linked vasoconstriction (Zhang et al., 2010). In addition to vascular
smooth muscle cells, venous endothelial cells of the peripheral vascular
network were also found to express FP receptors, which mediated
PGF2α-related vasorelaxation of the jugular and submental veins or
constriction of the human umbilical vein (Chen et al., 1995; Astin and
Stjernschantz, 1997; Zannoni et al., 2007). Finally, membranes pre-
pared from porcine cerebral microvessels were shown to host FP re-
ceptors (Li et al., 1994), and PGF2α applied to baboon isolated middle
cerebral artery rings was demonstrated to cause dilation at lower, and
constriction at higher concentration (Hayashi et al., 1985). We have
identified FP receptors associated with endothelial cells and perivas-
cular astrocytic endfeet of the neurovascular unit (Fig. 6), located at an
ideal position to contribute to cerebrovascular tone adjustment. Con-
sidering the experimental data accumulated on PGF2α-FP receptor
signaling in various vascular domains (Zhang et al., 2010), AL-8810
treatment in our study is suggested to have targeted – in part – the FP
receptors identified at elements of the neurovascular unit (Fig. 6). FP
receptor antagonism with AL-8810 presumably counteracted PGF2α-
linked vasoconstrictive tone, and, consequently, improved cere-
brocortical blood flow (Fig. 4).

Spreading ischemia coupled to SD that propagates across vulnerable
penumbra tissue has been considered particularly harmful (Dreier et al.,
1998; Dreier, 2011; Hartings et al., 2017a). We have observed a few
events of spreading ischemia near the site of SD elicitation, which
transformed to hyperemic CBF response along the direction of SD
propagation, with the increasing distance from the SD focus (Fig. 4B).
Spreading ischemia occurred near the site of SD elicitation possibly
because of the close proximity of the local administration of high
concentration KCl to evoke SDs, which has been shown to potentiate
SD-related hypoperfusion (Menyhárt et al., 2018). The occurrence of
spreading ischemia was less frequent under AL-8810 treatment, and
flow reduction with the observed events in the AL-8810 group was
considerably attenuated (Fig. 4E). This is considered as additional
evidence for the vasoconstrictive role cerebrovascular FP receptors may
fulfill in the mediation of the CBF response to SD.

The pharmacological inhibition of the FP receptors in our experi-
ments could have contributed to neuroprotection (Fig. 5) by targeting
neurons directly, as well. We have observed conspicuous FP receptor
labeling co-localized with neurons (Fig. 6A), which is consistent with
previous work that revealed the presence of FP receptors in synapto-
some preparations or cultured neurons (Li et al., 1993; Kim et al.,
2012). In support of the notion of direct neuroprotection by FP receptor
antagonism, AL-8810 proved to sustain the viability of cultured neurons
exposed to oxygen-glucose deprivation (OGD), reduced the production
of reactive oxygen species in OGD-stressed hippocampal slices, and
suppressed the OGD-induced rise of intraneuronal Ca2+ concentration
(Kim et al., 2012). It is noteworthy that intracellular Ca2+

concentration increases considerably with SD itself, and may prove
deleterious to neurons (Dietz et al., 2009). The Ca2+ overload with SD
was previously prevented by the NMDA receptor antagonist ketamine
(Reinhart and Shuttleworth, 2018). In addition, the L-type voltage-
gated Ca2+ channel blocker nimodipine shortened SD duration similar
to that achieved with ketamin (Szabó, 2019; Tóth, 2020). Therefore, it
may well be, that a potential reduction of intracellular Ca2+ content by
AL-8810 – as shown in neuronal cell culture (Kim et al., 2012) – could
have contributed directly to shortened SD duration (Fig. 3), and the
limitation of SD-related apoptosis (Fig. 5) as seen here.

The impact of AL-8810 treatment on microglia was evaluated here,
as well, because microglia were found to be richly endowed with FP
receptors (Fig. 6C). Previously, cultured rat microglia were shown not
to express FP receptor mRNA (Kitanaka et al., 1996), yet, later in-
vestigation identified functional FP receptors on transformed human
brain microglial cells (Xu et al., 2009). Further, in a model of experi-
mental TBI, AL-8810 administration attenuated microglia proliferation
days after the primary impact (Glushakov et al., 2013). In our experi-
ments, microglia activation proved to be enhanced in the cortex ipsi-
lateral to SD recurrence and the open cranial window, in addition to
that caused by ischemia alone. Our previous data have shown that the
surgical procedure itself (i.e. craniotomy) causes microglia activation,
and recurrent SDs enhance it further (Tóth, 2020), which amounts to
the difference observed between the ipsi- and contralateral hemispheres
in our preparations (Fig. 5D-E). AL-8810 did not alter microglia acti-
vation at this time point after the primary insult (i.e. 5 h after ischemia
onset, and 3 h after the occurrence of recurrent SDs). This suggests that
even though microglia abundantly express FP receptors (Fig. 6C), these
may not be functionally linked to microglia activation by endogenous
PGF2α in the acute/subacute phase of cerebral ischemia.

Recurrent SDs propagating over cerebrocortical zones under meta-
bolic stress have been increasingly more appreciated as the electro-
physiological correlate of and pathophysiological contributor to is-
chemic injury progression (Dreier, 2011; Hartings et al., 2017a,b).
Options for the pharmacological restriction of SD occurrence in acute
brain injury patients have been, therefore, explored and debated in-
tensively (Carlson et al., 2018, 2019; Sugimoto et al., 2018; Helbok
et al., 2019). The clinical evidence gathered so far supports the in-
hibition of SD with the non-selective NMDA receptor antagonist and
sedative agent ketamine (Hertle et al., 2012; Carlson et al., 2018), and
experimental research has identified the L-type voltage-gated Ca2+

channel blocker nimodipine, as an additional, promising candidate for
SD restriction (Dreier et al., 2002; Carlson et al., 2019; Szabó, 2019;
Tóth, 2020). Our current experiments together with our previous re-
sults (Varga et al., 2016) suggest that prostaglandin signaling may be
considered as an alternative or complementary target for intervention
with therapeutic potential.
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Summary 

 

Dimethyltryptamine (DMT), an endogenous ligand of sigma 1 receptors (Sig-1Rs), acts against systemic 

hypoxia, but whether DMT may prevent cerebral ischemic injury is unexplored. Here global forebrain 

ischemia was created in anesthetized rats and aggravated with the induction of spreading depolarizations 

(SDs) and subsequent short hypoxia before reperfusion. Drugs (DMT, the selective Sig-1R agonist PRE-084, 

the Sig-1R antagonist NE-100, or the serotonin receptor antagonist asenapine) were administered 

intravenously alone or in combination while physiological variables and local field potential from the 

cerebral cortex was recorded. Neuroprotection and the cellular localization of Sig-1R were evaluated with 

immunocytochemistry. Plasma and brain DMT content was measured by 2D-LC-HRMS/MS. The affinity of 

drugs for cerebral Sig-1R was evaluated with a radioligand binding assay. Both DMT and PRE-084 mitigated 

SDs, counteracted with NE-100. Further, DMT attenuated SD when co-administered with asenapine, 

compared to asenapine alone. DMT reduced the number of apoptotic and ferroptotic cells and supported 

astrocyte survival. The binding affinity of DMT to Sig-1R matched previously reported values. Sig-1Rs were 

associated with the perinuclear cytoplasm of neurons, astrocytes and microglia, and with glial processes. 

According to these data, DMT may be considered as adjuvant pharmacological therapy in the 

management of acute cerebral ischemia. 

 

Keywords: N,N-Dimethyltryptamine, Cerebral ischemia, Sigma-1 receptor, Spreading depolarization, 

Stroke 
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Introduction 

 

 N,N-Dimethyltryptamine (DMT) is a natural indole alkaloid found in plants (e.g. Psychotria viridis and 

Diplopterys cabrerana) and is known for its psychedelic effects when ingested by humans as spiritual 

medicine or with recreative purposes (e.g. ayahuasca brew) [1]. Importantly, DMT has also been identified 

as an endogenous trace amine in mammalian tissues (e.g. lung, pineal gland, brain) [2-4] and body fluids 

(urine, blood plasma and cerebrospinal fluid) [5]. The actual production of DMT from the amino acid 

tryptophan in mammalian tissues is supported by the (co-)localization of the enzymes aromatic-L-amino 

acid decarboxylase (AADC) and indolethylamine-N-methyltransferase (INMT) implicated in DMT 

biosynthesis [6-7]. DMT, however, is rapidly biodegraded by monoamine oxidases (MAO), which may be 

the reason for the very low endogenous DMT concentration measured (e.g. ng/mL or ng/g tissue). Still, 

DMT may be encapsulated in neurotransmitter storage vesicles at concentrations regarded to be 

pharmacologically relevant [6]. 

 The physiological and pathophysiological role of endogenous DMT has been the subject of ongoing 

debate and speculations. Psychedelic and behavioral effects [8], a potential role in psychiatric disorders 

[9] and altered states of consciousness [10] have all been attributed to naturally occurring DMT. Besides 

all of these elusive associations, investigators have recently turned their attention to the prospective 

general tissue protective [11], and specific neuroprotective potential of the substance [12,13]. DMT has 

been claimed to be produced at increased concentration in the rodent brain when exposed to 

environmental stress delivered by electrical shock [14]. More importantly, the DMT content of the rat 

brain was found elevated after experimental cardiac arrest [7]. Recently, DMT was shown to protect 

human primary iPSC-derived cortical neurons against hypoxia, coincident with the reduction of hypoxia-

inducible factor-1 (HIF-1) expression and function [12]. Further, DMT injected intraperitoneally limited 

infarct size in a rodent model of focal cerebral ischemia, and facilitated the recovery of motor function 

following ischemic injury [13]. Finally, DMT was suggested to achieve notable anti-inflammatory effects 

[15], because the serum levels of pro-inflammatory cytokines (TNF-α, IL-1β, IL-6) were found to be 

decreased in the presence of DMT in the above rat focal cerebral ischemia model [13]. 

 The pharmacological mechanisms of DMT action have been extensively explored, revealing a complex 

interaction with numerous signaling pathways including biogenic amine receptors, [16], uptake 

transporters [17], and trace amine-associated receptors [18]. In addition, fundamental evidence has been 

gathered that DMT acts as an endogenous sigma-1 receptor (Sig-1R) agonist [19]. Sig-1Rs are intracellular 

receptors localized to the segment of the endoplasmic reticulum (ER) membrane, which is apposed to the 
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mitochondrial outer membrane (the mitochondria-associated ER membrane, MAM). Via precise 

molecular machinery, Sig-1Rs control Ca2+ trafficking between the MAM and mitochondria, regulate the 

expression of specific potassium channels, suppress the generation of reactive oxygen species, and 

ultimately promote cell survival under stress [20-21]. A wealth of experimental data suggests that Sig-1R 

activation yields neuroprotection in ischemic stroke. For example, fluvoxamine, a potent antidepressant 

with high affinity for Sig-1R has been demonstrated to suppress ER stress-related apoptosis, reduce infarct 

size after focal cerebral ischemia, and alleviate ischemia-linked motor dysfunction in mice [22-23]. These 

results have been confirmed by increased apoptotic neuronal death in Sig-1R knockout mice exposed to 

global forebrain ischemia, and the suppression of ischemia-induced apoptosis in wild-type mice by the 

administration of PRE-084, a selective Sig-1R agonist pharmacon [24]. Coincidentally, a significant 

upregulation of Sig-1R has been linked to the ischemic penumbra [25]. Collectively, these data are highly 

suggestive that Sig-1R activation may be exploited for the purpose of ischemic neuroprotection. 

 Here we set out to explore whether DMT administration achieves neuroprotection via Sig-1R 

activation in the acute phase of experimental, transient, cerebral forebrain ischemia, which we aggravated 

by the recurrent induction of spreading depolarizations (SD) [26] and a subsequent transient hypoxic 

episode. We have chosen to induce SDs and an episode of anoxia superimposed on global cerebral 

ischemia to increase the metabolic stress to a level which may cause acute neurodegeneration and is 

relevant to observe DMT action. Incidentally, SD initiates the fission of the ER (the intracellular host of 

Sig-1Rs), which may serve as a target of neuroprotection [27]. The physiological impact of administered 

DMT was evaluated by the assessment of cerebral blood flow (CBF) variations and the characteristic 

features of SD, a neurophysiological phenomenon that had been recognized to accelerate the conversion 

of the ischemic penumbra to the infarcted region [28]. Furthermore, SD is a relevant target of investigation 

in the context of neuroprotection, because SD inhibition has been repeatedly proposed as an effective 

approach for tissue salvage in brain injury [29-32]. As a final point in our experiments, DMT-related 

neuroprotection was evaluated with comprehensive histological examination.  

 To confirm the role of Sig-1Rs in the DMT-linked effects, we measured the binding affinity of DMT to 

Sig-1Rs in rat brain tissue and we evaluated the response to DMT in the presence of the selective Sig-1R 

agonist PRE-084 or the Sig-1R antagonist NE-100. To discriminate the potential contribution of serotonin 

receptors to DMT-related effects, asenapine, an antagonist of a wide range of serotonin receptors [33], 

was applied alone, or in combination with DMT. Next, to confirm that DMT infused over the experimental 

protocol accumulated in the blood and brain to a pharmacologically relevant concentration, we 

determined the DMT content in these tissues with an analytical chemical method [34]. Finally, we 
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confirmed the co-localization of Sig-1Rs with neurons, astrocytes and microglia cells, as potential cellular 

targets of DMT treatment. 

 

Results 

 

Physiological variables 

 Blood gases varied in the physiological range throughout the experimental protocol, yet these 

physiological variables significantly shifted over the reperfusion period with respect to baseline and 

ischemia/hypoxia. In particular, by the end of the reperfusion period, blood pH showed a decreasing 

tendency (pH 7.270.17 vs.  7.310.11 and 7.300.12, reperfusion vs. baseline and ischemia/hypoxia; 

F=2.525, p<0.085), pCO2 noticeably increased (42.313.6 vs. 33.27.6 and 34.310.5 mmHg, reperfusion 

vs. baseline and ischemia/hypoxia; F=9.102, p<0.0003**) and pO2 decreased (99.624.3 vs. 111.217.0 

and 108.426.6; F=3.534, p<0.033*). 

MABP values confirmed sufficiently deep anesthesia. MABP slightly elevated during ischemia (838 

vs. 774 mmHg, ischemia vs. baseline) and fell due to transient hypoxia (to 668 mmHg), at no statistical 

significance over the experimental protocol (F=3.349, p<0.127). DMT application had no discernable 

impact on MABP (F=0.125, p<0.738) (Fig. 1a). Heart rate was stable throughout the experimental protocol 

(e.g. vehicle group: 33127, 32741 and 31943 bpm, baseline, ischemia and reperfusion; F=0.012, 

p<0.918). DMT elevated heart rate slightly but not significantly (e.g. reperfusion: 34419 vs. 31943 bpm, 

DMT vs. vehicle; F=1.290, p<0.307). 

 Any consequence of DMT application on baseline CBF variation was also considered. After ischemia 

induction, CBF dropped sharply and then stabilized at 40.3±4.8 % prior to SD1, and at 34.2±10.1 % prior 

to the induction of transient hypoxia in the vehicle-treated group (Fig. 1b). With hypoxia, perfusion 

decreased further (to 28.3±5.4 %). Reactive hyperemia was not obvious as reperfusion was imposed; 

instead, CBF peaked at 70.1±17.8 %. DMT did not alter baseline CBF at any time point or condition 

considered (Fig 1b). 

 

The impact of DMT on the evolution of spreading depolarization 

 As the suppression of spontaneous, recurrent SDs by pharmacological means has emerged as a 

promising target in ischemic neuroprotection [31,32,35], we have sought to explore the SD limiting 

potential of DMT. We have also aimed to tackle by pharmacological means whether DMT action may be 

achieved via Sig-1R activation. 
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The amplitude of SD was significantly reduced in the presence of DMT (-16.5±4.1 vs. -20.1±1.3 mV, 

DMT vs. vehicle) (Fig. 2a-b). Likewise, the rate of depolarization proved to be also slower in the DMT-

treated group with respect to control (-2.62±1.28 vs. -3.48±0.94 mV/s, DMT vs. vehicle) (Fig. 2c). Finally, 

the cumulative duration of SD events was shortened in the DMT-treated group (14038 vs. 19142 s, DMT 

vs. vehicle) (Fig. 2d). 

The share of Sig-1R activation in DMT-linked SD attenuation was explored by the application of a 

highly selective Sig-1R agonist PRE-084, or the use of a Sig-1R antagonist NE-100 alone or in combination 

with DMT. In the presence of PRE-084, the DMT-related reduction of SD amplitude and slower rate of 

depolarization were replicated (i.e. amplitude: -16.2±5.6 vs. -20.1±1.3 mV, PRE-084 vs. vehicle; rate of 

depolarization: -2.26±1.06 vs. -3.48±0.94 mV/s, PRE-084 vs. vehicle) (Fig. 2b-c), and the cumulative 

duration of SDs also tended to be shorter (14931 vs. 19142 s, PRE-084 vs. vehicle). NE-100 alone did 

not cause any notable change in SD amplitude, rate of depolarization or cumulative duration (e.g. 

amplitude: -18.7±2.6 vs. -20.1±1.3 mV, NE-100 vs. vehicle) (Fig. 2b-d). In contrast with DMT applied alone, 

the co-application of NE-100 and DMT did not achieve any meaningful reduction of SD amplitude 

(-19.2±4.5 vs. -20.1±1.3 mV, NE-100+DMT vs. vehicle), depolarization rate (-3.06±1.18 vs. -3.48±0.94 

mV/s, NE-100+DMT vs. vehicle), or cumulative duration (22012 vs. 19142 s, NE-100+DMT vs. vehicle) 

either (Fig. 2b-d). 

Next, we considered the possibility that DMT may activate 5-HTRs [6] and thereby inhibit SD [36]. To 

this end, we administered the broad spectrum 5-HTR antagonist asenapine [33] alone or co-applied with 

DMT. The amplitude of SD was significantly greater in the presence of asenapine alone as compared with 

vehicle (-22.6±2.6 vs. -20.1±1.3 mV, asenapine vs. vehicle). The co-application of DMT with asenapine re-

established SD amplitude to control level (-19.1±1.3 vs. -22.6±2.6 mV, asenapine+DMT vs. asenapine) 

(Fig. 2b). These data collectively suggest that the SD-suppressing action of DMT was likely realized, at least 

in part, via Sig-1R activation. 

Of the three subsequent elements of the CBF response to SD (i.e. brief transient hypoperfusion, 

transient peak and late hyperemia, and long-lasting oligemia) [37] our analysis predominantly focused on 

the phase of hyperemia, which evolved reliably with each SD (Fig. 3a). We narrowed down our analysis to 

recurrent SDs, because the kinetics of the CBF response to the first SD in a train is substantially different 

from the response given to recurrent SDs [37-38] (Fig. 3a). 

In our experiments, the CBF response to recurrent SDs appeared to be resistant to all of the used 

pharmacological agents, including DMT or the selective Sig-1R agonist PRE-084. Like other parameters 
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(i.e. amplitude or duration of hyperemia), the magnitude of hyperemia characterized by the area under 

the curve (AUC) was similar across various treatment regimes (Fig. 3b). 

 

Neuroprotection achieved with DMT 

Neuronal survival has been characterized by the surface area occupied by NeuN-labeled neurons 

relative to the full field of view, in the somatosensory cortex and the hippocampus (Fig. 4a). With respect 

to naïve animals, no significant difference in NeuN immunopositivity was noted due to 

ischemia/hypoxia/reperfusion (e.g. somatosensory cortex: 19.9±1.9 vs. 19.3±1.4 %, vehicle vs. naive). 

Neuronal loss that might have been associated with SD was not found, either (e.g. somatosensory cortex: 

19.5±3.1 vs. 20.2±3.2 %, ipsi- vs. contralateral side to SD). Finally, DMT treatment exerted no meaningful 

effect on NeuN labeling (e.g. contralateral somatosensory cortex: 17.4±2.0 vs. 19.9±1.9 %, DMT vs. 

vehicle). 

As neurons in the hippocampus CA1 and dentate gyrus (DG), the most vulnerable regions to ischemia 

are packed with pericarya so tightly that NeuN staining may not reveal individual cell loss, we labeled cells 

engaged in apoptotic cell death with CC3 immunostaining (Fig. 4d). Sections from naïve animals were 

virtually devoid of CC3-positive cells (i.e. DG: 163±14 CC3+ cells per mm2), while CC3 labeled cell bodies 

were obvious in the cortex, hippocampus CA1 region, and particularly in the DG after 

ischemia/hypoxia/reperfusion in the vehicle group (DG: 1649±278 CC3+ cells per mm2) (Fig. 4d). The 

aggravation of apoptosis by recurrent SDs was anticipated in the cortex, where SDs propagated [39], but 

no lateralization of CC3 cell count was detected (vehicle group: 106±46 vs. 104±67 CC3+ cells per mm2, 

ipsi- vs. contralateral). For this reason, CC3+ cell counts obtained from the two hemispheres were 

averaged for each region. Importantly, significantly fewer CC3 labeled apoptotic cells were counted in the 

DMT-treated compared to vehicle-treated animals in the somatosensory cortex (66±33 vs. 105±56 CC3+ 

cells per mm2, DMT vs. vehicle), hippocampal CA1 region (532±268 vs. 893±249 CC3+ cells per mm2, DMT 

vs. vehicle) and DG (1367±311 vs. 1649±278 CC3+ cells per mm2, DMT vs. vehicle) (Fig. 4d). 

In addition to apoptosis, ischemic/hypoxic stress may induce ferroptosis, an alternative pathway of 

programmed cell death that has been recognized recently [40-41]. The typical hallmark of ferroptosis is 

the iron-dependent accumulation of lipid hydroperoxides, hence the cellular process can be detected by 

4-HNE immunohistochemistry [42]. Representative cases have testified that our experimental protocol 

induced ferroptosis in selected neurons, particularly in the hippocampus, which was suppressed by DMT 

treatment (Fig. 4e). 
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Because astrocytes have been widely known to support neuronal function under ischemia [43], and 

GFAP-positive protoplasmic astrocytes may become selectively vulnerable to ischemic conditions [44], we 

have explored whether DMT has the potential to protect astrocytes. We used GFAP immunocytochemistry 

to label astrocytes (Fig. 4b). The relative area occupied by GFAP immunolabeled compartments 

considerably decreased after ischemia/hypoxia/reperfusion compared to naive animals, which reduction 

was counteracted by DMT-treatment in the cortex and striatum (cortex: 3.2±1.9 vs. 1.5±0.3 vs. 4.7±0.9 %, 

striatum: 2.3±1.1 vs. 0.9±0.2 vs. 3.2±1.6 %, DMT vs. vehicle vs. naive), but not in the hippocampus (i.e. 

CA1 stratum oriens 10.6±4.9 vs. 11.1±5.8 vs. 15.5±2.7%, DMT vs. vehicle vs. naive) (Fig. 4b). 

Ischemic insults trigger microglial activation and neuroinflammatory reaction that may be modulated 

via Sig-1Rs [12,45]. In the cerebral cortex ipsilateral to the craniotomies and SD initiation, decreasing 

microglial arborization was expected to denote the amplification of microglial activation [32,46]. The 

current data confirm the previous observations by showing less dense microglia ramification in the 

ipsilateral cortex compared to the contralateral side (vehicle group: 106.6±50.5 vs. 194.3±95.6, ipsi- vs. 

contralateral) (Fig. 4c). Yet, the administration of DMT did not exert any distinguishable effect on the 

microglial ramification index (i.e. ipsilateral cortex: 89.5±37.4 vs. 106.6±50.5 DMT vs. vehicle) (Fig. 4c). 

 

Receptor binding, tissue DMT content and Sig-1R co-localization 

The binding affinities of the compounds for the Sig-1R were determined in competitive binding 

assays. The assay conditions were validated with various Sig 1R ligands and the following order of potency 

for Sig-1R binding was found: (+)-pentazocine > fluvoxamine > PRE 084 (Fig. 5a). All three compounds 

exhibited nanomolar Sig-1R affinities and induced a similar maximal displacement (around 90-100%). To 

evaluate if DMT exerts its action by binding to Sig 1R, the Sig 1R binding affinity of DMT was investigated 

in the absence or presence of asenapine, a potent serotonin- and dopamine receptor antagonist [33]. 

Competition binding assays in rat brain membrane homogenate against the Sig 1R specific radioligand 

[3H](+)-pentazocine revealed that DMT bound the Sig-1R with an inhibitory constant value of 15.1 µM. 

This is in agreement with the results of Fontanilla et al. [19], who found that DMT bound the Sig-1R at low 

micromolar concentrations (EC50= 14.7 µM) in guinea pig liver membrane homogenate. Asenapine could 

not displace the radioligand from the [3H](+)-pentazocine binding sites (10 µM asenapine reduced total 

specific binding of the radioligand to 82 %) indicating the lack of specific affinity of asenapine for the Sig-1R 

(Fig. 5a1). When 10 µM asenapine was added to DMT, no significant difference was observed in the Sig-1R 

binding affinity of DMT, indicating that asenapine did not influence the Sig-1R binding of DMT (Fig. 5a2). 
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Since DMT is rapidly degraded by monoamine oxidases (MAO) in peripheral tissues [47], we evaluated 

blood plasma and brain tissue DMT content with 2D-LC-MS/MS [34]. Importantly, DMT administered at a 

dose of 1 mg/kg/h by i.v. infusion was clearly detectable in blood plasma measured 50 min after the 

initiation of DMT infusion (90.537.9 ng/mL, ca. 0.5 μM), and in the brain tissue sampled upon the 

termination of the experimental protocol (4.61.9 ng/g tissue, ca. 0.02 μmol/kg) (Fig. 5b). Potential 

endogenous DMT concentration in the vehicle group remained below detection level. 

Finally, to identify cell types that may be targeted by DMT, we co-localized Sig-1R with neurons, 

astrocytes, and microglia with fluorescent immunocytochemistry in naïve rats. Sig-1Rs were expressed 

abundantly in neurons (Fig. 5c1), and were also associated with astrocytes (Fig. 5c2), and resting microglia 

(Fig. 5c3). 

 

Discussion 

 

The objective of our current study was to explore whether DMT administration achieves 

neuroprotection via Sig-1R activation in the acute phase of experimental, transient, cerebral forebrain 

ischemia, aggravated by the recurrent induction of SDs and a subsequent transient hypoxic episode. 

 The impact of DMT treatment on physiological variables was screened comprehensively, because 

single intravenous doses of DMT have been reported to cause sympathetic activation, and to prominently 

increase blood pressure and heart rate within minutes after administration [48]. In our experiments, DMT 

exerted no obvious impact on cardiovascular or cerebrovascular function (Fig. 1), which may be attributed 

to the continuous, slow infusion of DMT (rather than a bolus application), controlled anesthesia, or their 

combination. The absence of apparent cardio- or cerebrovascular effects in our study proved to be 

favorable, as the neuroprotective potential of DMT could be assessed free of any marked changes in 

physiological variables. 

Recurrent SD events have served here the evaluation of the ischemic neuroprotective potential of 

DMT, linked to Sig-1R activation. SD is the synchronized depolarization of a critical bulk of tissue in the 

cerebral gray matter, which is thought to be triggered by local metabolic supply-demand mismatch under 

ischemia [49]. SD propagates over the cerebral cortex at a slow rate of a few mm/min, by progressively 

involving neighboring tissue in the depolarization [26,50]. Further, SD is accompanied by a CBF response 

dominated typically by a remarkable hyperemic element (Fig. 3a), which serves the replenishment of ATP 

necessary for timely repolarization behind the SD wave front [37]. Importantly, recurrent SDs have been 

recognized as a universal principle of lesion progression in the injured cerebral gray matter [28,51], and 
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SD suppression has been considered as a promising therapeutical approach to improve neurological 

outcome after acute brain injury [29-31]. 

In our current experiments, SD amplitude, the rate of depolarization and cumulative SD duration were 

reduced under intravenous DMT administration, exhibiting the SD limiting impact of DMT. Further, the 

application of the selective Sig-1R agonist PRE-084 reproduced the SD hampering action of DMT, and the 

Sig-1R antagonist NE-100 co-applied with DMT diminished the DMT-related SD inhibition (Fig. 2). These 

results collectively suggest that DMT may impede SD evolution by Sig-1R activation. The implication of 

Sig-1Rs is supported by previous reports demonstrating that dextromethorphan or carbetapentane – two 

ligands known as Sig-1R agonists – reproducibly and reliably blocked SD occurrence in live brain slice 

preparations [52-54]. 

Recurrent SDs may accelerate ischemic lesion maturation because SD is associated with an 

intracellular rise of calcium [55-56], which potentially contributes to the calcium overload known to 

initiate ischemic neurodegeneration [57]. Indeed, the non-competitive NMDA receptor antagonist 

ketamine inhibited SD evolution with a concomitant reduction of neuronal calcium content in brain slice 

preparations [56], and voltage-gated calcium channel blockers reduced SD amplitude in anesthetized rats 

[35,58], similar to that seen here. Intriguingly, Sig-1R agonism was shown to attenuate the NMDA receptor 

activation-linked calcium response in cultured neurons [59], and to depress calcium currents with a 

corresponding inactivation of neuronal voltage-gated calcium channels [60]. On the basis of these and our 

experimental data together, we postulate that DMT in our experiments possibly inhibited SD via Sig-1R-

linked modulation of intracellular calcium homeostasis. 

The suggestion that DMT predominantly achieved SD inhibition by Sig-1R activation – rather than 

through 5-HTR binding [61-62] – is also substantiated by our finding that DMT counteracted the SD 

potentiating effect of asenapine (Fig. 2), an antagonist of multiple 5-HTRs [33]. In other words, when 

5-HTRs were occupied by asenapine, DMT still reduced SD amplitude with respect to the condition when 

asenapine was given alone. Of note, our results that 5-HTR antagonism increased SD amplitude (Fig. 2) 

are complementary to previous reports showing that ablation of the dorsal raphe serotonergic neurons 

accelerated SD propagation in the cerebral cortex [63], electrical stimulation of the dorsal raphe or the 

administration of sumatriptan, a 5-HT1D receptor agonist decelerated SD [36], and sumatriptan also 

suppressed SD evolution in experimental focal cerebral ischemia [64]. Thus, serotonergic activity appears 

to restrain SD, and, conversely, serotonergic deficiency may augment SD. 

Finally, we evaluated the impact of the pharmacological treatments on the CBF response to SD, 

especially because it is unknown whether and how DMT might alter neurovascular coupling. Another 
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consideration has been that the CBF response to SD in the hypoperfused cerebral cortex is understood to 

be insufficient to meet the metabolic demand of the nervous tissue [65-66], therefore the 

pharmacological enhancement of the SD-associated CBF response may support neuronal survival in tissue 

at risk [32,67]. DMT treatment in our experiments, however, did not alter the SD-related hyperemia 

(Fig. 3). Furthermore, none of the other agents used (the Sig-1R agonist PRE-084, the Sig-1R antagonist 

NE-100 or the 5-HTR antagonist asenapine) proved to be effective at modulating the SD-associated CBF 

response in any meaningful way (Fig. 3). The implication of Sig-1R in the mediation of the SD-associated 

hyperemia has been previously unattended, and our current results do not support the notion that Sig-1R 

signaling may augment the SD-related CBF response, at least not under ischemic conditions. On the other 

hand, the 5-HT1D/1B receptor agonist zolmitriptan increased, while the 5-HT2A/2C receptor antagonist 

ritanserin attenuated the amplitude of hyperemia in the optimally perfused cerebral cortex [68]. The non-

specific 5-HTR antagonist asenapine would then be expected to curb the hyperemic response to SD, but 

exerted no effect. The condition that SDs occurred here in ischemic tissue could have possibly overridden 

physiological blood flow regulation with SD [69] – indeed, ischemia is known to impair neurovascular 

coupling [70]. Taken together, we assume that Sig-1R or 5-HTR-based modulation of the CBF response to 

SD in the ischemic cerebral cortex proves to be ineffective. 

Several groups have reported independently that Sig-1R agonism successfully reduced infarct size 

estimated 24 hours or a number of days after an episode of experimental focal cerebral ischemia 

[13,22,23,71]. Therefore, we proceeded to investigate the neuroprotective potential of DMT at 

histological level as early as 2 hours after ischemia induction and 1 hour after reperfusion initiation (Fig. 6). 

In our experiments, NeuN staining did not reveal significant loss of neurons, possibly because the end 

point was too early to detect massive neurodegeneration (i.e. infarct maturation), and the staining is too 

dense to be sensitive for the selective loss of scattered, individual cells. However, the network of GFAP-

positive astrocytes became remarkably sparser after ischemia/reperfusion as compared to naïve samples 

(Fig. 4b). This is consistent with the loss of the GFAP signal and swelling of protoplasmic astrocytes in the 

first hours after the onset of experimental focal cerebral ischemia, suggestive of astrocyte dysfunction 

[44]. Importantly, the GFAP signal has been partially restored in our experiments when DMT was 

administered and Sig-1R co-localized with astrocytes (Fig. 5c), which is complementary to a previous 

report demonstrating that Sig-1R agonism augmented astrocyte survival screened 96 hours after ischemia 

onset [72]. These results indicate that DMT preserved the integrity of the astrocyte network – and 

presumably function – by Sig-1R receptor activation.  
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The labeling of microglia replicated our previous results that microglia activation – characterized by 

the less dense arborization of microglial processes – appeared more pronounced in the cortex ipsilateral 

to SD elicitation (Fig. 4c) [32,46]. As we argued previously, the recurrence of SDs and the procedure of 

trepanation both contribute to the enhanced activation of microglia [32,46]. DMT has emerged to curtail 

inflammatory responses, substantiated by the reduced production of pro-inflammatory cytokines by 

provoked human primary monocyte-derived dendritic cells [15], and the lower pro-inflammatory cytokine 

serum levels in rats suffering of stroke [13]. Moreover, Sig-1R agonism with 1,3-di-(2-tolyl)guanidine (DTG) 

inhibited the activation and cytokine release of cultured microglia provoked by endotoxin [73]. These data 

and the expression of Sig-1R in microglia (Fig. 5) [13] led to the assumption that DMT treatment may 

target microglia. Yet, in the current experiments, DMT had no discernable impact on microglia activation 

(Fig. 5c). Likewise, Sig-1R activation achieved no change in Iba-1 immuno-labeling and cerebral cytokine 

production in a focal cerebral ischemia model [74]. Taken together, we propose that DMT treatment may 

suppress the activation of dendritic cells or microglia provoked with direct inflammatory stimuli in culture, 

but may not be as potent to inhibit microglia activation caused by ischemia or SD in anesthetized rodents. 

Apoptotic cell death has emerged as an especially relevant target to investigate, because Sig-1R 

agonism has been revealed to suppress ER stress-related apoptosis [22-24]. Concurring with the evidence 

that DMT activates Sig-1Rs [19], and in line with the above data on the anti-apoptotic effect of Sig-1R 

activation, DMT treatment reduced here the number of CC3-positive apoptotic cells, especially in the 

hippocampus. On the basis of their histological position, a fraction of these cells must have been neurons 

(Fig. 4d), which cell type is endowed with Sig-1Rs (Fig. 5c). In addition, our qualitative approach showed 

that DMT reduced ferroptosis, as well (Fig. 4e). It is a novel observation, consistent with the finding that 

Sig-1R activation or overexpression inhibits the generation of reactive oxygen species [75]. 

Finally, in support of our in vivo functional and histological results, we set out to test DMT binding 

affinity to rat cerebral Sig-1R, because the reference assay we relied on had been conducted on guinea 

pig liver homogenates [19]. Our competition binding assay revealed that DMT bound cerebral Sig-1R at 

an inhibitory constant value of 15.1 µM, which corresponds to that measured in guinea pig liver 

membrane homogenates (EC50= 14.7 µM) [19], and substantiates our in vivo pharmacological data with 

confidence. We also measured the DMT content of blood plasma and brain homogenates to confirm that 

DMT was present to exert biological effects. Previously we reported that our analytical method was not 

sensitive enough to detect endogenous DMT, but was reliable to measure exogenous tissue DMT content 

[34]. Here, we successfully confirmed the presence of exogenous DMT in our samples in the range of 4-

90 ng/g or ng/mL sample (ca. 0.02 mol/kg for brain or 0.5 μM for plasma; Fig. 5b). Since, due to receptor 
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reserves, fractional occupancy of a receptor pool may still generate a maximal biological effect, the 

micromolar Sig-1R affinity of DMT may yet be sufficient to elicit a Sig-1R mediated effect at the measured 

DMT concentrations, especially in the presence of the off-target antagonist asenapine. It was also found 

that asenapine did not bind to Sig-1R and did not influence the Sig-1R binding of DMT.  The DMT content 

in our samples is most probably an underestimation of the true concentration, because DMT must have 

been rapidly degraded during the procedure of harvesting samples [47], especially when extracting brain 

tissue (i.e. the half-life of DMT was found to be 5-6 min in rat brain tissue) [76]. 

In conclusion, here we present novel observations that DMT administered with therapeutic purpose 

in the early phase of cerebral ischemia impedes the evolution of recurrent SDs, which are known to 

jeopardize the survival of viable penumbra tissue in ischemic stroke [28,64]. Further, we demonstrate that 

DMT protects astrocytes against ischemic injury, and suppresses ischemia/reperfusion-related apoptosis 

in the nervous tissue. As an original observation, we show that DMT appears to counteract ferroptotic cell 

death linked to oxidative stress. Finally, we have accumulated compelling evidence that DMT most likely 

achieves its neuroprotective effect via Sig-1R activation. The beneficial effects of DMT manifested at 

regular cardiovascular function and unrestored cerebral perfusion. Overall, our data support the notion, 

that the timely administration of DMT may be considered as an adjuvant pharmacological therapy in the 

treatment of acute cerebral ischemic injury [77], especially because reported low risk of toxicity [6]. 

 

Methods 

 

The experimental procedures were approved by the National Food Chain Safety and Animal Health 

Directorate of Csongrád County, Hungary. The procedures were performed according to the guidelines of 

the Scientific Committee of Animal Experimentation of the Hungarian Academy of Sciences (updated Law 

and Regulations on Animal Protection: 40/2013. (II. 14.) Gov. of Hungary), following the EU Directive 

2010/63/EU on the protection.  

Young adult, male Sprague-Dawley rats (Charles River Laboratories, 340±37g, n=69) were used in this 

study. Standard rodent chow and tap water were supplied ad libitum. The animals were housed under 

constant temperature, humidity, and lighting conditions (23∘C, 12:12 h light/dark cycle, lights on at 7 a.m.). 

The designed rate of the seven groups of the in vivo experiment (untreated and treated) was 1. The 

necessary number of animals in each group was at least 6 to support 80% power (β=20% risk of second 

species), which was calculated based on the standard deviation of electrophysiological and hemodynamic 

parameters in earlier studies and the presumed differences between the means of groups. The 
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calculations and statistical analyses were conducted in SPSS version 20 (Vanderbilt University, U.S.A.) and 

were also run in GPower 3.1 (Heinrich Heine University of Düsseldorf, Germany). 

 

Surgical procedures 

On the day of the experiments, animals were anesthetized with 1.5-2 % isoflurane in N2O:O2 (3:2), 

and were allowed to breathe spontaneously through a head cone during surgical interventions (n=56). 

Body temperature was kept at 37.2 oC by a feedback controlled heating pad (Harvard Apparatus, Holliston, 

MA, U.S.A.). In order to avoid the production of airway mucus, atropine was administered (0.1 %, 0.05 

mL; i.m.) shortly before surgical procedures. The left femoral artery was cannulated for blood sampling 

and the continuous monitoring of mean arterial blood pressure and heart rate (MABP, Mikro-Tip BP 

Foundation System, ADInstruments, Australia). The adjacent femoral vein was also cannulated for the 

administration of drugs. 

For the later initiation of incomplete global forebrain ischemia, a midline incision was made in the 

neck and both common carotid arteries were carefully separated from the vagal nerves. Lidocaine (1%) 

was administered topically before opening the skin and each tissue layer underneath. A surgical thread 

used as occluder was looped around each artery for the later occlusion. All rats were placed prone in a 

stereotaxic apparatus. The skin above the skull and the temporal muscle were retracted from the 

underlying left parietal and temporal bones. Two cranial windows (~3 x 3 mm) 1 mm apart were prepared 

over the right parietal cortex (3 mm from bregma and 5 mm lateral from the sagittal suture) (Fig. 6). A 

high-precision electrical drill (ProLab Basic, Bien Air 810, Switzerland) was used to thin the bone under 

saline cooling, and the remaining soft bone layer was gently peeled away to reveal the dura surface. The 

dura was then carefully opened in each craniotomy. The rostral window was later used for data acquisition 

(i.e. electrophysiology and CBF measurement) while the caudal window served SD elicitation (Fig. 6). The 

cranial windows were constantly kept moist by artificial cerebrospinal fluid (aCSF; mM concentrations: 

126.6 NaCl, 3 KCl, 1.5 CaCl2, 1.2 MgCl2, 24.5 NaHCO3, 6.7 urea, 3.7 glucose bubbled with 95 % O2 and 5 % 

CO2 to achieve a constant pH of 7.4). 

 

Recording of electrophysiological variables 

For the acquisition of the electrocorticogram (ECoG) and slow cortical or direct current (DC) potential, 

a saline-filled (120 mM NaCl) glass capillary microelectrode (20 µm outer tip diameter) was inserted 700 

µm deep into the right somatosensory cortex. An Ag/AgCl reference electrode was implanted under the 

skin of the animal’s neck. The electrophysiological signals were recorded via a high input impedance pre-
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amplifier (NL102GH, NeuroLog System, Digitimer Ltd., United Kingdom), connected to a differential 

amplifier (NL106, NeuroLog System, Digitimer Ltd., United Kingdom) with associated filter (ECoG filtered 

in wideband scale: 0.5-35 Hz, DC filtered in DC mode; <0.5 Hz) and conditioner systems (NL125, NL144, 

NL530, NeuroLog System, Digitimer Ltd., United Kingdom). Line frequency noise (50 Hz) was removed by 

a high-quality noise eliminator (HumBug, Quest Scientific Instruments Inc., Canada). The electrical signals 

along with MABP were digitalized at a sampling frequency of 2 kHz by a PowerLab data acquisition device 

(ADInstruments, Australia) controlled through a dedicated software written in LabChart 8 (ADInstruments, 

Australia). 

 

Monitoring of local cerebral blood flow 

Laser-Doppler flowmetry (LDF) was used to record changes in local CBF with ischemia/reperfusion, 

and associated with SD events. A laser-Doppler needle probe (Probe 403 connected to PeriFlux 5000; 

Perimed AB, Sweden) was positioned above the parietal cortex. The ideal position of the LDF probe was 

identified prior to the actual experimental protocol: the probe was positioned over the region where the 

baseline perfusion varied closely around 300 perfusion unit (PFU), as near as possible to the tip of the 

glass microcapillary, and avoiding visible pial blood vessels. The LDF signal was digitalized and acquired, 

together with the DC potential and ECoG, essentially as described above. 

 

Pharmacological treatment 

All drugs were dissolved in physiological saline, administered at a dose of 1mg/kg/h [13,23,78,79], 

and infused through the left femoral vein continuously throughout the experimental protocol (Fig. 6). 

Although DMT has poor solubility in aqueous media, intensive vortexing at 37 oC resulted in a transparent 

solution at the low concentration used. The concentration of the DMT solution was 0.18 mg/ml (0.956 

mM). The following treatments were applied: DMT (Lipomed AG, Switzerland) alone (n=7), the highly 

selective Sig-1R agonist PRE-084 (Sigma-Aldrich, U.S.A.) alone (n=8), the selective Sig-1R antagonist 

NE-100 (Sigma-Aldrich, U.S.A.) alone (n=6) or in combination with DMT (n=6), and the non-subtype 

specific serotonin receptor (5-HTR) antagonist asenapine (Sigma-Aldrich, U.S.A.) alone (n=6) or in 

combination with DMT (n=6). Vehicle (i.e. physiological saline) served as control for the treatments (n=7). 

NE-100 and DMT or asenapine and DMT were used in combination to test the receptor-specificity of DMT. 

 

Experimental protocol 
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The experimental protocol was initiated 30-60 min after completion of the preparation. After a 

baseline period (5 min), cerebral ischemia was induced by the occlusion of both common carotid 

arteries (two vessel occlusion: 2VO). Successful 2VO was confirmed by a sharp drop of CBF below 50 % 

of baseline, as reported earlier [35,80]. Ischemia induction was not followed by spontaneous SD 

occurrence, probably because the hypoperfusion threshold to trigger SD [80] was not reached. The 

administration of DMT, PRE-084, or vehicle was initiated through the femoral vein immediately after 

completion of the ischemia induction, with the aid of a microinjector syringe pump (CMA/100 Micro 

Injection Pump, Carnegie Medicin, Sweden). Due to the dead volume in the tubing, it could have taken a 

few minutes before the DMT solution actually reached the brain. Since the common carotid arteries had 

been occluded by that time, blood flow compensation from the posterior supplying vessels were 

expected to be the route of drug delivery to the brain. Residual CBF during ischemia varied around 40 % 

(see: Results – Physiological variables), which was considered sufficient for drug delivery. In the case of 

DMT co-application with NE-100 or asenapine, the infusion of NE-100 or asenapine began 10 min before 

ischemia induction to act on receptors before DMT application. The intravenous (i.v.) infusion of the 

drugs was continuous and maintained until the end of the experiment. 

As further metabolic challenge superimposed on ischemia, three SD events were triggered at an inter-

SD interval of at least 15 min with a 1 M KCl-soaked cotton ball placed on the cortex in the caudal 

craniotomy [81], starting 10 min after 2VO onset (Fig. 6). The cotton ball was removed and the craniotomy 

rinsed with aCSF after each SD event. After the three SDs subsided, the ischemic insult was further 

aggravated by an episode of transient hypoxia (1 min) achieved by the controlled withdrawal of O2 from 

the anesthetic gas mixture. The duration of hypoxia had been determined in pilot experiments. Longer 

episodes of hypoxia caused the failure of cardiac function, therefore we maintained hypoxia in the 

presented experimental protocol as long as arterial pressure (monitored continuously live) was stable 

enough for prospective recovery from the insult. The hypoxic episode was followed by reoxygenation and 

the prompt release of the common carotid arteries to afford cerebral reperfusion for another hour. 

 

Immunocytochemistry 

Naïve (n=3), and vehicle- or DMT-treated rats exposed to the full experimental protocol (i.e. 2 hours 

after ischemia induction and 1 hour after reperfusion induction; n=4/4) were transcardially perfused with 

ice-cold physiological saline followed by 4 % paraformaldehyde (PFA) under deep chloral hydrate 

anesthesia (5 %, i.p., 500 mg/kg). The brains were removed, stored in 4 % PFA at 4 °C overnight, and 
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cryoprotected in 30 % sucrose in phosphate buffered saline (PBS). Coronal, 20 μm thick forebrain sections 

were cut with a freezing microtome (Leica CM 1860 UV, Leica, Germany). 

Apoptotic cell death was characterized with permanent immunocytochemical staining of cleaved 

caspase-3 (CC3), ferroptotic injury by 4-hydroxinonenal (4-HNE), whereas neuronal loss was identified 

with the neuron marker neuronal nuclear protein (NeuN), and astrocyte damage with the astrocyte 

marker glial fibrillary acidic protein (GFAP) on selected coronal slices (bregma +1, −3 and −6 mm, Paxinos 

and Watson atlas coordinates; three slices per plane). Microglial activation was detected with ionized 

calcium-binding adapter protein (Iba-1) immunohistochemistry. In all cases, endogenous peroxidases 

were blocked with 5 % H2O2, nonspecific protein-binding sites were blocked with 5 % normal goat serum 

(Merck, Kenilworth, U.S.A.), and slices were permeabilized with 0.5 % Triton X-100 (Merck, Kenilworth, 

U.S.A.) in Tris-buffered saline (TBS). Slices were incubated with rabbit anti-CC3 (Abcam, ab13847, 1:300), 

mouse anti-4-HNE (Abcam, ab48506, 1:100), rabbit anti-NeuN (Abcam, ab177487, 1:300), mouse anti-

GFAP (Abcam, ab4648, 1:1000) or rabbit anti Iba-1 (Wako, #019-19741, 1:3000) overnight at 4 °C. The 

subsequent steps of incubation included an enhancer reagent for 1 h at room temperature, and 

horseradish-peroxidase-linked secondary antibody for 3 h at room temperature, both being components 

of the Polink-2 Plus HRP Detection Kit (for rabbit or mouse primary antibody with diaminobenzidine (DAB) 

chromogen, D39–18 for rabbit and D37-18 for mouse, GBI Labs, U.S.A.). The staining was visualized with 

DAB. The slices were mounted on microscopic slides with Eukit® (Merck, U.S.A.) and photomicrographs 

were obtained with a Nikon-DS Fi3 camera attached to a Leica DM 2000 Led light microscope (Leica 

Microsystems GmbH, Germany). 

Finally, in order to identify the cellular and subcellular localization of Sig-1Rs, the receptors were co-

labelled with NeuN (neuronal marker), GFAP (astrocyte marker) and Iba-1 (microglia marker) in slices from 

a naïve animal. Antigens were retrieved with 10-minute-long boiling in 6 M urea in Tris-HCl buffer (pH 9.5; 

80 °C, shaking at 300 rpm) [82]. All slices were permeabilized with 0.2% Triton X-100 in PBS for 30 min. 

Non-specific protein-binding sites were blocked with 3% bovine serum albumin (BSA) for 1 h at room 

temperature. Slices were incubated with primary antibodies overnight at 4°C (anti-Sig-1R: rabbit, Abcam, 

ab53852, 1:500; anti-NeuN: mouse, Millipore, MAB377, 1:250; anti-GFAP: mouse, Sigma, G3893, 1:500; 

anti-Iba-1: mouse, Wako, #016-26721, 1:200 in 3% BSA in PBS). Secondary antibodies were applied for 1 

h at room temperature (anti-rabbit STAR RED; goat, Abberior, 1:500 and anti-mouse STAR 580, goat, 

Abberior, 1:500 for NeuN and GFAP-labelling; anti-rabbit Alexa-488, goat, Thermo Fisher Scientific, 

#A11034, 1:500, anti-mouse Alexa-647, donkey, Thermo Fisher Scientific, #A32787, 1:500 for Iba-1 

labelling) in 1% BSA in PBS. Slices were mounted with Mount Solid antifade© (Abberior, Germany). 
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Representative epifluorescent (20x) and confocal (100x) images were taken of the somatosensory cortex 

with a Zeiss Axio Observer Z1 inverted microscope (Carl Zeiss GmbH, Germany) equipped with a laser 

confocal imaging capable Stedycon (Abberior Instruments, Germany), and pieced together, re-coloured 

and processed in ImageJ (National Institutes of Health, Bethesda, Maryland, USA) [83]. 

In vitro radioligand binding assay 

PRE-084 (Sig1-R agonist), asenapine (5-HTR antagonist), fluvoxamine (Sig1-R agonist), (+)-pentazocine 

(Sig1-R agonist), haloperidol (Sig1-R antagonist) and buffer components (TRIS-HCl) were purchased from 

Sigma-Aldrich Kft. (Budapest, Hungary). The radioligand [3H]-(+)-pentazocine (specific activity 1.98 

TBq/mmol) was prepared in the Laboratory of Chemical Biology (BRC, Hungary). Tritium labeling was 

carried out in a self-designed vacuum manifold [84] and radioactivity was measured with a Packard Tri-

Carb 2100 TR liquid scintillation analyzer using Insta Gel scintillation cocktail of PerkinElmer. Drugs were 

dissolved at 100 mM (DMT) or 1 mM (PRE-084, (+)-pentazocine, asenapine, fluvoxamine) in dimethyl 

sulfoxide (DMSO) and were stored at -20 ˚C, and then diluted in the binding buffer. 

Preparation of rat brain tissue membrane homogenates was performed according to a previous 

method [85-86], with a slight modification. Male Sprague–Dawley rats (n=10, 250 g) were decapitated in 

deep anesthesia, and their brains were removed rapidly. The brains without cerebellum were 

homogenized in 20 volumes of ice-cold 50 mM Tris-HCI (pH 8.0 at 25 °C), using a Braun Teflon-glass 

homogenizer at the highest speed for 30 s. The homogenate was centrifuged at 48.000 g for 10 min at 4 

°C. The resulting pellet was resuspended in 50 mM Tris-HCI buffer (pH 8.0) and recentrifuged. This 

procedure was repeated twice. The final pellet was suspended in 20 volumes of 50 mM Tris-HCI (pH 8.0) 

and stored in aliquots at -80 °C. The protein content of the samples was measured by the Bradford method 

[87] and samples were diluted to obtain the appropriate amount for the assay. 

Binding assays for the Sig-1R were performed at 27 °C for 120 min in a 50 mM Tris–HCl binding buffer 

(pH 8.0) in plastic tubes in a total assay volume of 1 mL that contained 0.5 mg/mL of membrane protein. 

Competition binding experiments were carried out by incubating rat brain membranes with 3.6 nM of 

[3H](+)-pentazocine (Kd= 13.1 nM) in the presence of increasing concentrations (10−11–10−3 M) of various 

competing unlabeled ligands. Non-specific binding was determined in the presence of 10 µM haloperidol. 

The incubation was terminated by diluting the samples with ice-cold wash buffer (50 mM of Tris–HCl, pH 

8.0), followed by repeated washing and rapid filtration through Whatman GF/B glass fiber filters 

(Whatman Ltd., Maidstone, England) presoaked with 0.1% polyethyleneimine. Filtration was performed 

with a 24-well Brandel Cell Harvester (Gaithersburg, MD, U.S.A.). Filters were air-dried and immersed into 
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Ultima Gold MV scintillation cocktail, and then radioactivity was measured with a TRI-CARB 2100TR liquid 

scintillation analyzer (Packard, Perkin Elmer, Waltham, MA, U.S.A.). 

 

Measurement of exogenous DMT in rat tissue 

Because the enzymatic degradation of DMT is rapid, we set out to confirm that DMT supplied to the 

animals is present at detectable levels and sufficient concentration in the blood plasma and brain to 

potentially achieve neuroprotection. Blood samples were collected through the femoral artery at baseline 

(i.e. prior to ischemia onset), under ischemia, after hypoxia, and under reperfusion (n=4/4, vehicle/DMT). 

Full blood was centrifuged promptly in EDTA coated Eppendorf tubes (5000 G, 5 min, 4 oC, Heraeus Fresco 

17 Microcentrifuge, Thermo Scientific, U.S.A.), and supernatant plasma (0.2 mL) was separated into 

another Eppendorf vial. To collect brain tissue samples, the animals (n=4/4, vehicle/DMT) were 

transcardially perfused with ice-cold physiological saline under deep chloral hydrate anesthesia (5%, i.p., 

500 mg/kg) at the end of the experimental protocol to wash out any blood from the brain. The full brains 

were quickly removed, snap-frozen in liquid nitrogen, and stored at -70 oC until further processing. The 

DMT content of blood plasma and brain tissue was measured by using heart-cutting two-dimensional 

liquid chromatography coupled to quadrupole-Orbitrap mass spectrometry (2D-LC-HRMS/MS) ), which is 

presented in detail in a previous study [34]. 

 

Data analysis 

Physiological variables (i.e. DC potential and MABP) were simultaneously acquired, displayed live, and 

stored using a personal computer equipped with the software LabChart 8 (ADInstruments, Australia). Data 

analysis was assisted by the inbuilt instructions of the software AcqKnowledge 4.2 for MP 150 (Biopac 

Systems, Inc., Goleta, U.S.A.). Blinding data analysis was intended by assigning codes to files and 

recordings, which do not reveal the experimental condition (i.e., date of the experiment). The 

experimental data were not processed in case the animals died during SD elicitation or due to the hypoxic 

episode (n=6, random distribution over pharmacological treatments). 

Raw LDF recordings were downsampled to 1 Hz and expressed relative to baseline by using the 

average CBF value of the first 5 minutes (100%) and the recorded biological zero obtained after the 

termination of the experiments (0%) as reference points. Raw DC recordings were also downsampled to 

1 Hz. 

For SD events, peak amplitude, duration at half amplitude, the rate of depolarization and 

repolarization, and area under the curve (AUC) were measured on the DC potential trace of all three SDs. 
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The SDs elicited were associated with a prominent hyperemia, rather than spreading ischemia, because 

CBF during ischemia was approximately around the upper limit typical of the ischemic penumbra (i.e. 40 

% relative to baseline). The CBF response to SD tends to be hyperemic under such flow conditions, which 

we have shown earlier [88]. For SD-associated hyperemia, only the second and third SDs were considered, 

due to the substantially different CBF response to the first SD. Peak amplitude, duration at half amplitude, 

the rate of depolarization and repolarization, and AUC were measured. 

The CC3-labeled slides were evaluated by manual cell counting with the CellCounter plugin of ImageJ 

(National Institutes of Health, Bethesda, Maryland, USA) by two observers blind to the experimental 

design. Cell count was expressed for a unit surface of 1 mm2. Neuronal and astrocytic loss were 

characterized by the estimation of NeuN- or GFAP-positive immunolabeling, respectively, in all observed 

brain regions. After masking binary images in ImageJ, the relative surface covered by immunopositive cells 

was expressed. The Iba-1 labelling was evaluated with ramification index as previously described [46]. 

Briefly, a lower ramification index value represents a more activated microglial status. 

Data are given as mean±standard deviation (stdev). The results were statistically analyzed with the 

software SPSS (IBM SPSS Statistics for Windows, Version 22.0, IBM Corp.). A Grubbs test was applied to 

identify potential outliers (n=4, random distribution over pharmacological treatments). An independent 

samples t-test or a one-way analysis of variance (ANOVA) model was used, dependent on the type of data 

set. A Fisher post hoc test was used for group comparisons, whenever applicable. Levels of significance 

were defined as p<0.05* and p<0.01**. All relevant statistical methods are given in each figure legend. 

The results of the competition binding studies are reported as means±standard error of the mean 

(S.E.M.) of at least three independent experiments each performed in duplicate. In competition binding 

studies, the inhibitory constants (Ki) were calculated from the inflection points of the displacement curves 

using nonlinear least-square curve fitting and the Cheng–Prusoff equation, Ki= EC50/(1 + [ligand]/Kd). Ki 

values of DMT in the absence or presence of 10 µM asenapine were compared by unpaired t-test with 

two-tailed P value. One sample t-test with a hypothetical value of 100% was applied when specific binding 

values were compared to total specific binding (100 %) in receptor binding assays. Significance was 

accepted at P < 0.05 level. All data and curves were analyzed by GraphPad Prism 5.0 (San Diego, CA, 

U.S.A.). 
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Figure legends: 

 

Figure 1. Mean arterial blood pressure (MABP) and cerebral blood flow (CBF) variations over the 

experimental protocol. a, DMT exerted no impact on MABP over the experimental protocol. b, While CBF 

was obviously reduced during ischemia, DMT did not change the CBF baseline variations with respect to 

the vehicle group. In “a” and “b”, data are given as meanstdev. A repeated measures model was used 

for statistical analysis (p<0.05* and p<0.01**). 

 

Figure 2. The impact of pharmacological treatments on the electrophysiological features of spreading 

depolarization (SD). a, Representative traces demonstrate that DMT treatment progressively attenuated 

the amplitude of subsequent SD events compared to vehicle-treated control, which action was prevented 

by the co-application of the Sig-1R antagonist NE-100. b, Similar to DMT, the highly specific Sig-1R agonist 

PRE-084 also decreased the amplitude of SDs. NE-100 co-application with DMT diminished DMT action. 

DMT co-applied with the broad-spectrum serotonin receptor antagonist asenapine achieved SD amplitude 

reduction compared to asenapine application alone. c, DMT and PRE-084 administration also decreased 

the rate of depolarization, which was prevented by both NE-100 and asenapine. d, DMT and PRE-084 

reduced the cumulative duration of SD events, while NE-100 (alone or in combination with DMT) exhibited 

the opposite effect. In “b-d”, data are given as mean±stdev. The number of events (b & c) or the number 

of animals (d) analyzed is indicated in each bar. Statistical analysis relied on one-way ANOVA paradigm 

followed by a least significant difference (LSD) post hoc test (p<0.05* and p<0.01** vs. vehicle alone, 

p<0.05$ vs. DMT/PPRE-084 in vehicle, p<0.01## vs. asenapine alone). 

 

Figure 3. The impact of pharmacological treatments on the cerebral blood flow (CBF) response to 

spreading depolarization (SD). a, A trace representative of the vehicle group depicts the CBF response to 

the first (SD1) and recurrent SDs (rSD), as acquired with laser-Doppler flowmetry. b, The area under the 

curve (AUC) of the hyperemic component of the CBF response represents the magnitude of SD-related 

hyperemia, which was not modulated by any of the pharmacological treatments. Data are given as 

mean±stdev; The number of events analyzed is given in each bar. Statistical analysis relied on a one-way 

ANOVA model (p<0.05*). 

 

Figure 4. Representative light microscopic images of immuno-labeled sections and bar charts demonstrate 

neuroprotection achieved by DMT administration in cortical (sensory cortex and hippocampus) and 
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subcortical gray matter (striatum). a, No changes were observed in the density of NeuN-labeled neurons, 

either due to ischemia/reperfusion, or DMT treatment. b, Glial fibrillary acidic protein (GFAP)-positive 

astrocytes were lost following ischemia/reperfusion in the vehicle group, but were partially rescued by 

DMT treatment. c, Prominent microglia activation was detected in the cortex ipsilateral to SD-elicitation 

and the craniotomies [43], which was not modulated by DMT application. d, Cleaved caspase-3 (CC3) 

positive apoptotic cells in the granule cell layer of the dentate gyrus (DG) were obvious, and were also 

present to a lesser degree in the hippocampus CA1 region after ischemia/reperfusion in the vehicle group. 

DMT administration reduced the number of CC3-positive apoptotic cells. Cell count is given for 1 mm2 

surface area. e, Representative sections labeled for 4-hydroxynonenal (4-HNE) indicate ferroptotic cell 

death, particularly in the vehicle group. DMT treatment reduced ferroptosis. In the bar charts of Panels 

“a-d”, data are presented as meanstdev, sample size is given in each bar. Horizontal dotted lines indicate 

levels measured in naïve rats (n=3). Statistical analysis was conducted using a two-way ANOVA model with 

treatment and region (e.g. NeuN, GFAP, CC3), or side and treatment (Iba-1) as factors (p<0.05*; p<0.01**). 

 

Figure 5. Sig-1R ligand binding affinities in rat brain homogenates, blood plasma and brain tissue DMT 

content, and the cellular localization of Sig-1R in the rat cerebral cortex. a, Competitive binding curves of 

various Sig-1R ligands against the radioactive Sig-1R ligand [3H](+)-pentazocine (A1) and of DMT in the 

absence or presence of 10 µM asenapine (A2) in rat brain membrane homogenates. Curves are shown as 

percent specific binding (10 μM haloperidol). b, Blood plasma and brain tissue were enriched in DMT, as 

measured by two-dimensional liquid chromatography coupled to quadrupole-Orbitrap mass 

spectrometry (2D-LC-MS/MS). In contrast, DMT was undetectable in blood plasma and brain tissue of 

control rats by 2D-LC-MS/MS (data not shown). c, Immuno-labeled brain slices demonstrate the 

perinuclear localization of Sig-1R in NeuN-labeled cortical pyramidal cells (epifluorescent and confocal 

microscopic images; c1). In GFAP-positive astrocytes, Sig-1R was seen in the perinuclear soma, and on 

processes (confocal microscopic image; c2). Both the soma and processes of Iba-1-labeled microglia were 

endowed with Sig-1Rs (confocal microscopic image; c3). 

 

Figure 6. Graphical illustration of the experimental protocol. a, In the preparation, black circles indicate 

the position of the two open cranial windows (3 mm caudal from bregma and 5 mm lateral from the 

sagittal suture), created for the recording of the electrocorticogram (ECoG), direct current (DC) potential 

and cerebral blood flow (CBF) with laser-Doppler flowmetry (rostral window) and the experimental 

elicitation of spreading depolarizations (SD) with KCl (caudal window). b, The schematic drawing illustrates 
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the subsequent phases of the experimental protocol. After the initiation of global forebrain ischemia, the 

i.v. infusion of either of the Sig-1R agonists (DMT or PRE-084) or their vehicle was initiated and maintained 

until the termination of the experiment. When the Sig-1R or the serotonin receptor (5-HTR) antagonists 

NE-100 or asenapine were applied, their i.v. infusion was initiated before ischemia onset. Subsequently, 

SDs were triggered at the ipsilateral cerebral cortex, then O2 was partially and briefly withdrawn from the 

anesthetic gas mixture to aggravate ischemia further by transient hypoxia. After an hour of reperfusion, 

the brains were removed under deep chloral hydrate anesthesia for histological examination. Arterial 

blood samples were collected repeatedly ( ) for blood gas analysis and the measurement of blood plasma 

DMT content. 

 


