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1. Introduction with the scientific background and the relevant literature

Stroke epidemiology and treatment

Stroke remains one of the most serious neurological conditions, often resulting in
long-term disability and placing a considerable burden on patients, their families, and the
healthcare system (1). The associated direct and indirect costs are substantial. Although
numerous neuroprotective strategies have been explored over the past decades, none have
yet become part of standard clinical care (2). The underlying pathophysiological
processes involve a complex interplay of multiple cell types, signaling cascades, and
regulatory loops. The resulting damage frequently leads to lasting structural and
functional deficits. Therapeutic approaches targeting only a single component or cell
population have generally not been sufficient to significantly improve outcomes (3).
Currently available stroke treatments, such as intravenous thrombolysis and endovascular
thrombectomy, are limited by narrow therapeutic time windows and are not applicable to
all patients. Moreover, these interventions carry the risk of serious complications. Given
these limitations, therapeutic options for preventing neuronal death and for managing

post-stroke brain edema remain inadequate (1-3).

Mechanisms of stroke from the perspective of the neurovascular unit

Following ischemia, a wide range of spatially and temporally well-characterized
events unfolds, resulting in blood-brain barrier (BBB) disruption. The prompt activation
of microglia, astrocyte, pericyte and endothelial cells lead to the production of various
proinflammatory cytokines and chemokines initiating neuroinflammation (4, 5). This
leads to swift BBB opening with consequential extravasation of blood-borne molecules
into the brain parenchyma, inducing further reactions that aggravate BBB disruption (6,
7). The wave of infiltrating peripheral leukocytes such as neutrophils, monocytes and
lymphocytes disrupt the BBB further, creating the inflammatory milieu of cytokines and
chemokines which drive neuroinflammation, ultimately causing secondary neuron
damage and lesion expansion (4, 8, 9).

The neurovascular unit (NVU) is a structural and functional unit of the BBB
comprising neurons and endothelial cells that interact with surrounding astrocytes,

pericytes, and the basement membrane to maintain BBB stability (10, 11).



Astrocyte end-feet cover more than 99% of the BBB endothelium (12)
underscoring the essential role astrocytes play in maintaining BBB integrity (13).
Cytotoxic swelling of astrocytic end-feet begins within minutes of energy depletion
following cerebral infarction, leading to their detachment from the endothelium and
subsequent disruption of the BBB (14). Aquaporin-4 (AQP4) is largely expressed in
astrocytic end-feet, adjacent to cerebral capillaries (15). Extensive evidence from studies
on transgenic mice deficient in AQP4 has highlighted the role of this water channel in
both cytotoxic and vasogenic edema. During the formation of ischemic cerebral edema,
AQP4 expression increases in astrocyte end-feet, facilitating passive water movement
through the astrocytic plasma membrane driven by osmotic gradients, which leads to
astrocyte cytotoxic swelling (16, 17). Several earlier studies showed that the absence of
AQP-4 correlates with smaller infarct size, reduced astrocyte swelling, decreased brain
edema, and even improved long term outcome (16, 18, 19). As a background mechanism
modified astrocyte activation, reduced microglia activation and reduced
neuroinflammation was verified (16). Astrocyte swelling causes intracellular calcium
signaling events, promoting signaling cascades that release neuroactive substances such
as glutamate and adenosine triphosphate (ATP), which initiate and exacerbate
excitotoxicity and neuroinflammtion (20). In acute stroke patients, there is a strong
positive correlation between serum glial fibrillary acidic protein (GFAP) levels derived
from astrocytes and various clinical parameters, such as infarct size (21-23), severity of
neurology deficits in the acute phase (23) as well as long-term outcomes at 3 months (22)
and 1 year (24). Serum GFAP measurement in the early phase of the stroke appears to be
a reliable biomarker for detecting intracerebral hemorrhage (25-27).

Pericytes are unevenly distributed along the walls of brain microvessels, covering
at least 80% of the microvascular surface. They provide structural support to the
endothelium within the NVU and play a crucial role in the formation and maintenance of
the blood-brain barrier (28). Pericytes possess contractile abilities that allow them to
regulate capillary blood flow and influence autoregulation of cerebral blood flow (29,
30). During ischemic stroke, pericytes respond rapidly by migrating from the microvessel
wall, undergoing constriction, and detaching from the basement membrane (31). This
process disrupts interactions between pericytes and tight junctions, leading to increased

permeability of the BBB (32, 33).



Endothelial cells are characterized by a the absence of fenestraec and the high
expression of proteins that form unique physical barrier between adjacent cells (34). The
components of this firm connections are: tight junctions (TJ) composed of occludin,
claudin, zonula occludens: ZO-1, ZO-2, ZO-3 and cingulin; adherent junctions (AJ)
composed of cadherins, catenins, vinculin and actinin; and junctional adhesion molecules
(35). All three structural components are anchored to the actin cytoskeleton. The tightness
of the tight junction connections determines the paracellular permeability of water-
soluble molecules (13). From the onset of cerebral ischemia, endothelial cells respond
with cytoskeletal reorganization and the translocation of tight junctions, which widens
the paracellular space between the cells, leading to hyperpermeability (36). Central
nervous system (CNS) endothelial cells have lower rates of transcytosis compared to
peripheral endothelial cells, which prevents blood components from crossing the blood-
brain barrier through non-specific vesicular transport (28).

Claudin-5 (CLDNY) is the most abundant tight junction protein in endothelial
cells and is especially highly expressed in the endothelial cells of the central nervous
system (37). In cultured brain-derived endothelial cells, exposure to hypoxia led to
facilitated disappearance of claudin-5 from the plasma membrane and reduced its total
cellular protein levels, while mRNA levels remained unchanged. This coincided with a
decrease in trans-endothelial electrical resistance. These findings suggest that hypoxia-
induced alterations in claudin-5 expression may be due to posttranscriptional
mechanisms, possibly involving increased degradation or decreased translation efficiency
(38). The leakage of the blood-brain barrier in response to ischemia appears to begin with
an upregulation of endothelial transcytosis, characterized by an increased number of
visible vesicles within endothelial cells as early as 4—6 hours post-injury. Subsequently,
there is significant remodeling of tight junction complexes during the later phase,
typically starting after 24 hours (39, 40). One possible mechanism of the dissociation of
claudin-5 from the cytoskeleton is caveolin-1 mediated endocytosis (39, 41). The
experimentally induced mosaic loss of CLDNS in adult mice brain endothelial cells
resulted in increased blood-brain barrier leakage and the rapid onset of
neuroinflammation. This was marked by widespread activation of endothelial cells,
microglia, and astrocytes, which further contributed to BBB opening. These findings

underscore the critical role of CLDNS in maintaining the integrity of the adult BBB and
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highlight the pathological consequences associated with its dysregulation (42). Patients
who developed clinical deterioration as a result of hemorrhagic transformation following
stroke had higher serum claudin-5 levels within 3 hours of stroke onset compared to those
who did not experience such complications. This indicates that measuring serum CLDNS
levels shortly after stroke onset could serve as an effective screening method for
identifying patients at high risk of hemorrhagic transformation in acute ischemic stroke
(43).

Endothelial cells upon activation start to express adhesion molecules (ICAM-1,
VCAM-1, selectin, integrin), enabling peripheral leukocytes to infiltrate the infarcted
area (44, 45). This recruitment of peripheral leukocyte gives a further push to the BBB
disruption peaking between 1-3 days (46). Many reports have shown that following
stroke, neutrophils are the first blood-derived leukocytes to infiltrate the ischemic brain
within a few hours. Their numbers peak between days 1-3 and then decline over time
(47-50). Somewhat later, between 2-6 hours after the insult, peripheral monocytes begin
to infiltrate. Their numbers peak at day 7 and decrease thereafter (51-53). T cells also
accumulate in the ischemic brain within the initial 24 hours following cerebral ischemia
(54, 55). Upon extravasation, activated leukocytes release proteases, MMPs, and ROS,
directly damaging blood vessels. Additionally, they produce biologically active
substances such as eicosanoids, leukotrienes, prostaglandins, and platelet-activating
factor, which induce vasoconstriction and promote platelet aggregation. Leukocytes
adhere to the endothelium, causing microvascular blood flow obstruction, thereby
contributing to the cerebral no-reflow phenomenon (56). Finally, infiltrated leukocytes
exacerbate neuronal injury by activating proinflammatory factors within the penumbra
and infarct core areas (57).

Activated microglia and infiltrating neutrophils are the primary sources of MMP-
9, which has the capability to degrade the basal lamina (58). The basal lamina is divided
into two layers: the vascular basement membrane produced by pericytes and endothelial
cells and the glial basement membrane secreted by astrocytes (59). It separates and
anchors cells through adhesion receptors (60). MMPs exhibit substrate specificity for type
IV collagen, laminin, and fibronectin, which are structural components of the basement
membrane. MMP-9, in particular, plays a critical role in disrupting the blood-brain barrier

during ischemic stroke, thereby affecting the integrity of connections within the
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neurovascular unit (61, 62). Serum levels of MMP-9 in the acute phase of stroke patients
were significantly correlated with infarct volume (63), early lesion progression (64),
hemorrhagic transformation (65, 66), early neurological deficits, long-term major

disability, and increased risk of death at 3 months (67, 68).

Microglia function and morphology: activation, proliferation, phagocytosis

The interruption of the physiological ligand-receptor-mediated crosstalk between
microglia, neurons, and astrocytes (6) together with neuron-released glutamate due to
ischemia alerts microglia (69). Moreover, the leakage of blood components across the
altered BBB after stroke also serves as an activating signal to microglia, thereby inducing
an inflammatory response (70, 71). Activated microglia, similar to macrophages, have
the ability to phagocytose, produce cytokines and MMPs that exacerbates BBB disruption
(72). It is estimated that microglia start to produce pro-inflammatory cytokines like TNF-
a and IL- 1B within hours after stroke onset (73). Activated microglia are prone to
phagocytosing viable neurons when these neurons temporarily express an 'eat me' signal
(74) or when the damaged BBB leads to complement deposition on neurons, prompting
direct phagocytosis (75). Activated capillary-associated microglia can markedly
contribute to the expansion of infarct lesions in the peri-infarct region following brain
ischemia, based on the observation that this particular subset of microglia is capable of
phagocytosing viable endothelial cells, leading to local endothelial activation and
promoting vessel disintegration (71). The proliferation of microglia following ischemia
reperfusion has been well-established for many years. The dominant immune cells in the
first 24h of stroke are overwhelming microglia that present intensive proliferating activity
(76). Increasing numbers of macrophages infiltrating from the periphery accumulate in
the infarcted necrotic core from day 3 post-stroke taking the task of clearing the necrotic
core tissue instead of microglia. Infiltrating macrophages possibly weaken microglial
phagocytosis while in reverse microglia boost macrophage phagocytosis (77). At this
stage, microglia gather at the outskirts of the infarcted core in the peri-infarct regions
(78).

It is important to note that inhibiting microglial activation has been associated
with reduced infarct volume and alleviation of neuroinflammation (79). However,

complete depletion of microglia has been shown to increase the size of the ischemic lesion
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(80). One possible mechanism underlying this observation is that microglial phagocytic
function mitigates the damaging effects of infiltrating neutrophils during brain ischemia
(81). Microglia are not essential for recruiting peripheral leukocytes but play a crucial
role in mitigating the harmful effects of these infiltrating leukocytes during
neuroinflammation, thereby preventing the expansion of secondary lesions. Additionally,
the presence of microglia has been demonstrated to attenuate the astrocytic response
induced by ischemia, thereby inhibiting the secretion of inflammatory factors by
astrocytes (82). Furthermore, the fact that completely blocking the entry of monocytes
into the infarcted area worsens the outcome of cerebral ischemia underscores the
complexity of the interplay between peripheral and CNS-resident immune cells. (83, 84).

Ramified microglia are the most common microglial phenotype in the mature
CNS. Previously they were labeled as “resting”, but in reality, these cells are incredibly
dynamic, constantly monitoring their immediate environment with thin, branched and
highly motile processes making transient contacts with neurons, basal lamina and
astrocytes (85). Furthermore, even in their steady state, ramified microglia appear to be
protective against excitotoxic neuronal cell death. (86). They seem undoubtedly “resting”
compared to the impressive and rapid morphological shift they can undergo in response
to stimuli. Microglia take an amoeboid morphology in response to acute ischemia.
Amoeboid microglia are much more macrophage-like, identified by round and larger cell
bodies and lack of processes, indicating overall increased mobility (87). Experimental
models have demonstrated that morphology shift from ramified to amoeboid form occurs
within 30-60 minutes after injury, as microglia migrate towards the source of ATP at the
site of the injury (88). Alongside these morphological changes, amoeboid microglia also
undergo a notable shift in gene expression patterns. These cells are more likely to express

genes related to cell cycle progression, migration, and phagocytosis (89).

Peripheral immune response: cytokines and chemokines

After ischemic brain damage, brain-generated DAMPs (danger-associated
molecular patterns) and cytokines leak into the circulation through disrupted BBB or
cerebrospinal fluid (CSF) drainage lymphatic pathways (90). These molecules activate
systemic immunity, peripheral immune cells, neurohumoral pathways (91) and immune

response in lymphoid organs as well, triggering inflammation (92). Peripheral innate
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immune cells, including neutrophils, monocytes, macrophages, and dendritic cells, as
well as specific groups of lymphocytes such as NK cells and yo T cells are rapidly
activated by DAMPs, through leukocyte pattern recognition receptors, such as TLRs and
RAGE (91). The response aims to eliminate the potential threat through a massive and
indiscriminate humoral and cellular inflammatory reaction (93). In experimental stroke,
this immune response is characterized by elevated serum cytokine levels and increased
production of inflammatory mediators in circulating immune cells within hours after
ischemia (94, 95). It is important to note that both central and peripheral cytokines
contribute to brain injury after cerebral ischemia. (96).

Retrospective analyses have shown that a higher white blood cell count upon
admission of acute ischemic stroke patients is linked to larger stroke volume, increased
likelihood of hemorrhagic transformation, and unfavorable outcomes, including an
elevated risk of 30-day mortality (97, 98). A recent meta-analysis from 2022
demonstrated that a high systemic immune-inflammation index (SII), calculated as
neutrophils X platelets/lymphocytes (a marker indicating the inflammatory and immune
status of patients and derived from routine blood tests), is significantly associated with
poor patient outcomes, increased mortality, and a higher incidence of hemorrhagic
transformation (99). A prospective clinical trial involving 697 consecutive patients,
concluding in 2024, reported that the systemic immune-inflammation index
independently predicts early stroke progression in patients with acute ischemic stroke
(100).

It has long been observed that IL-6 levels on admission of stroke patients, as a
marker of the systemic inflammatory status, are associated with early clinical
deterioration (101). Peak plasma IL-6 levels and other peripheral markers of
inflammation within the first week of ischemic stroke are correlated with brain infarct
volume, stroke severity, and long-term outcomes. These data suggest that the extent of
the peripheral inflammatory response correlates with the severity of acute ischemic stroke
and influences clinical outcomes (102).

IL-10 is a well-known anti-inflammatory cytokine that has been demonstrated to
be protective in experimental stroke models (103, 104). As source of IL-10 in stroke, T-
cells, especially Treg cells, macrophages, microglia (103), B cells (105) and astrocytes

(106) have been identified. Based on human data, we know that reduced serum levels of
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the anti-inflammatory IL-10 have been independently associated with clinical severity at
admission, neurological worsening (107), and poor functional prognosis in ischemic
stroke patients (108).

In humans, the gene expression profile of circulating innate immune cells changes
rapidly within the first few hours of stroke, as part of the systemic immune response (109).
Acute ischemic stroke triggers a profound gene expression response in peripheral blood
mononuclear cells (PBMCs), with a significant number of upregulated genes involved in
the activation and differentiation of white blood cells. Within this group, some genes
facilitate cell adhesion, while others encode enzymes responsible for cell membrane
remodeling, preparing leukocytes for a more differentiated state (110). Interestingly,
although PBMCs themselves were not hypoxic, elevated levels of hypoxia-related genes

were, potentially due to local or systemic signaling from the brain (110, 111).

Mechanisms of stroke-associated brain edema

In case of cytotoxic cerebral edema also known as cellular edema extracellular
water passes into cells, causing them to swell (112). This process is typically triggered by
ischemia or excitotoxicity (113), cells lose the ability to maintain ATP-dependent
sodium/potassium (Na+/K+) membrane pumps. These pumps normally maintain a low
intracellular and high extracellular concentration of sodium ions (114). When cellular
energy supply is compromised, these pumps cease to operate leading to an accumulation
of sodium ions inside the cell, drawing water along the osmotic gradient. This, in turn,
leads to intracellular fluid accumulation, cellular swelling and reduction of the
extracellular volume (115, 116). Once cytotoxic edema has developed and provided there
is some reperfusion of blood in the capillaries, a sodium concentration gradient forms.
This gradient extends from the capillary lumen, crossing the endothelium into the
extracellular space. Sodium ions stream into the extracellular space from the capillaries,
drawing water along with them. This passage of water and sodium from capillaries into
the brain parenchymal extracellular space is called ionic edema (117). It is therefore the
ionic edema which is practically responsible for the tissue swelling seen in ischemic
infarcts, not cytotoxic edema which is merely a redistribution of water and sodium from
the extracellular to the intracellular compartment. It is important to mention that tissue

swelling requires an influx of fluid, hence necessitating some blood flow. Observations
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have long indicated that reperfusion promotes swelling, and notably, the swelling is less
pronounced in the center of infarct cores compared to the periphery (114). Cytotoxic and
ionic edema is distinguished from vasogenic edema by the intactness of the blood-brain
barrier as well. In the former, there is no involvement of altered capillary permeability or
endothelial dysfunction (117). Vasogenic cerebral edema occurs when the blood brain
barrier is disrupted. This type of edema arises from the breakdown of tight endothelial
junctions that constitute the blood-brain barrier, either due to physical disruption or
release of vasoactive compounds. As a result, intravascular proteins and fluid exude from
the capillaries into the extracellular space. Mass effect from edema can reduce cerebral
perfusion pressure, leading to further ischemia and cytotoxic edema (117). It is important
to recognize that cytotoxic, ionic and vasogenic edema occur simultaneously in stroke

(118).

N,N-Dimethyltryptamine (DMT) and the sigma-1 receptor

N,N-Dimethyltryptamine (DMT) is a well-known, long-studied, and abundant
molecule in nature, found endogenously in plants, animals, and humans, and is best
known for its hallucinogenic properties. DMT, was originally known as the active
compound of the ayahusaca brew, a traditional spiritual medicine used by indigenous
people in the Amazonian basin (119). Since then, it has been documented that rat brain is
endogenously capable of synthesize DMT in concentration comparable to canonical
neurotransmitters like serotonin and that experimental cardiac arrest significantly
increased the DMT level in the brain, however its physiological function is not fully
understood (120, 121). The pharmacokinetic profile and psychedelic properties of
intravenous DMT are well established in humans as well. In case of intravenous
administration, DMT rapidly cross the blood-brain-barrier (122) and shows a rapid
clearance via MAO-A metabolism (123) with a documented early plasma elimination
half-life of 5.0-5.8 minutes, followed by longer late elimination half-life of 14—16 min
after 15-20 min (124, 125). When administered, it exerts a complex and profound effect
on the psyche, interacting with multiple receptor systems, including serotonin receptors
(primarily the 5-HT1A, 5-HT2A, and 5-HT2C subtypes), as well as glutamatergic,
histaminergic, dopaminergic, trace amine—associated, and sigma receptors, with varying

affinities (126, 127).
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Sigma-1 receptor (S1R) is an intracellular chaperone between the endoplasmic
reticulum and mitochondria, interfering with calcium homeostasis (128) but can
translocate to the plasma membrane interacting with ion channels as well (129). In this
regard, it is involved in the transmission of endoplasmic reticulum stress to the nucleus
and regulates cellular excitability (126). Given the central role of sigma-1 receptor in the
stress reaction of cells, its pharmacological modulation was abundantly investigated in
experimental stroke models, with diverse treatment effects ranging from decreased lesion
size to improved neurological function (130). A specific sigma-1 receptor agonist was
even studied in a phase II human trial during the subacute phase of stroke, but no
significant effects on functional endpoints were observed (131).

DMT was showed to have beneficial properties in cell protection and structural
and functional neuroplasticity as well. Via sigma-1 receptor, DMT robustly increased the
survival of in vitro cultured human cortical neurons and dendritic cells in severe hypoxia
(132). DMT treatment activates neural stem cell proliferation, neuroblast migration and
generation of new neurons in adult rat brain on a sigma-1 receptor mediated way, (and
not in 5-HT2A mediated way) (133) and promotes neuroplasticity in vitro and in vivo by
enhanced neuritogenesis, spinogenesis, dendritogenesis and synaptogenesis in an
intracellular 5-HT2A mediated pathway (134, 135).

Considering that in 2014 a phase II randomized, placebo-controlled trial of the
selective sigma-1 receptor agonist cutamesine in post-stroke patients did not demonstrate
improvement in functional outcomes within the first 56 days (131), and that fluoxetine—
a sigma-1 receptor ligand of moderate affinity—administered for six months after stroke
also failed to produce clinically relevant benefits on long-term (12-month) functional
recovery in three parallel-running, large-scale randomized controlled trials (FOCUS
(136), AFFINITY (137), and EFFECTS (138)), the therapeutic potential of selective
sigma-1 receptor modulation in human stroke—despite the highly promising preclinical

findings—remains questionable.
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2. Objectives

Upon examining the extensive network of cells, pathways, mechanisms,
interactions, and feedback loops involved in stroke pathogenesis, it appears challenging
to improve stroke outcomes by manipulating just one component, as evidenced by the
failure of such approaches in clinical translation. Based on the previously described
scientific background, our research group aimed to investigate the cytoprotective effects
of N,N-dimethyltryptamine, an endogenous compound capable of exerting pleiotropic
effects through various receptor types, under ischemia-reperfusion conditions using an in
vivo rat model of transient cerebral ischemia. Our goal was to assess whether DMT
treatment starting at the timepoint of reperfusion exerts a neuroprotective effect in the
post-ischemic brain, and if yes, to determine how this protection relates to the integrity
of the blood-brain barrier, the extent of stroke-associated cerebral edema, and the
modulation of neuroinflammation, including microglial activation and peripheral
immune responses. Furthermore, our objective was to investigate the potential of DMT
to promote neurorestoration following stroke, which from a clinical perspective
represents the key determinant of long-term recovery and therapeutic relevance.

In addition to the in vivo experiments, we employed an in vitro triple co-culture
model of the blood-brain barrier, consisting of endothelial cells, astrocytes, and pericytes
to further dissect the mechanisms underlying BBB protection and cell survival, including
the effects of DMT on the endothelial transcriptome under ischemic conditions.

Given DMT’s interaction with multiple receptor systems, an important objective
was to determine which effects are attributable to sigma-1 receptor activation and which

are sigma-1—independent.
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3. Methods

In vivo

Animal model and treatment protocol

All experimental procedures complied with the ARRIVE recommendations as
well as with the directives of the European Communities Council (86/609 EEC and
2010/63/EU). The study protocol received approval from the Animal Care and Use
Committee of Semmelweis University (XIV-1-001/29-7/2012) and from the Department
of Animal Health, Government Office of Pest County, Hungary (PE/EA/01445-6/2022).
Data acquisition and analysis were performed under blinded conditions. Humane
endpoints were predefined according to the IMPROVE Guidelines (139). Data analysis
was carried out by investigators blinded to the group allocation. Transient middle cerebral
artery occlusion (MCAQ) was induced in male Wistar rats (Toxi-Coop Ltd., Budapest,
Hungary; body weight: 280 = 20 g) under continuous isoflurane anesthesia (Harvard
Apparatus, Holliston, MA, USA). After surgical exposure of the right internal carotid
artery, a filament was advanced while monitoring regional cerebral blood flow within the
right MCA territory using Laser-Doppler Flowmetry (Perimed Inc., Stockholm, Sweden).
Only animals exhibiting at least a 40% reduction in perfusion were randomized into the
treatment groups (Fig. 5). The ischemic period was maintained for 60 minutes (140).
Administration of N,N-dimethyltryptamine (DMT, Sigma-Aldrich, St. Louis, MO) was
initiated immediately prior to filament withdrawal by intraperitoneal injection of DMT (1
mg/kg bw), prepared in 0.1 ml of 70% ethanol and subsequently diluted to a final volume
of 1 ml with physiological saline. This was followed by continuous delivery of DMT at a
rate of 2 mg/kg bw/h for 24 hours using intraperitoneally implanted osmotic pumps
(Alzet, ALZA, Palo Alto, CA). This approach was chosen because DMT is metabolized
very rapidly; by combining a bolus with an infusion we aimed to maintain a stable serum
level throughout the critical hours after reperfusion. The dose was selected based on prior
literature. A technical consideration was to dissolve crystalline DMT in alcohol to prepare
the most concentrated solution possible for the 200 puL reservoir of the osmotic pump.
This resulted in a maintenance dose of 2 mg/kg/h, which reliably falls within the
psychedelic range. In humans, a rapid i.v. bolus of approximately 0.2 mg/kg already

produces a psychedelic, fast-onset experience lasting about 20-30 minutes. At 0.1 mg/kg
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it typically yields a pleasant somatosensory experience, and below this dose the regimen
can be considered sub-psychedelic.

Control animals received an equivalent vehicle bolus without DMT. In the sigma
receptor antagonist arm, rats were co-administered 1-(3,4-Dichlorophenethyl)-4-methyl-
piperazine dihydrochloride (BD1063, 2 mg/kg bw/24 h; Axon Medchem BV, Groningen,
The Netherlands) through separate osmotic pumps, in addition to intraperitoneal boluses
of both DMT and BD1063 (1 mg/kg bw each). The dosing regimen was established based
on prior in vivo studies (141). For cytokine analyses and PBMC assays, sham-operated
groups were included, in which animals underwent an incision over the right carotid
artery and abdominal opening identical to the surgical preparation in treated cohorts. For
tissue and blood collection, anesthesia was induced intraperitoneally using a ketamine (50
mg/kg bw) and xylazine (4 mg/kg bw) mixture. Blood samples were obtained following
aortic cannulation. Peripheral blood mononuclear cells (PBMCs) were isolated using
mononuclear cell preparation tubes (BD Vacutainer CPT, product no. 362782). Brains
were fixed by transaortic perfusion with 4% paraformaldehyde in 0.1 M PBS.
Subsequently, the specimens were immersed in 30% glucose solution for two days before
free-floating coronal sections of 40 um thickness were prepared with a microtome (Leica

SM2000R, Nussloch, Germany) (142).
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Lesion volume and edema measurement

Cresyl violet (Nissl) staining was applied using a routinely employed histological
procedure (143). In brief, tissue sections were immersed for 90 minutes in a solution
consisting of cresyl violet (0.1 g), glacial acetic acid (0.2 ml), and distilled water (100 ml)
adjusted to pH 3.2. Subsequently, the samples were rinsed in 96% ethanol, dehydrated,
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and cleared sequentially with isopropanol and xylene. Mounting and coverslipping were
then performed. Histological volumes were determined using the following formula: sum
of the cross-sectional areas of the regions of interest x number of slices x section interval.
Cerebral edema was quantified as: (volume of the ipsilateral hemisphere — volume of the
contralateral hemisphere) / volume of the contralateral hemisphere. Edema-corrected
lesion volume was calculated by the equation: infarct volume % (1 — volume of edema)
(144, 145). Slides were captured on a Zeiss Axioscan 7 Microscope Slide Scanner (Karl
Zeiss AG, Oberkochen, Germany), and processed with the QuPath software package
(version 0.5.1) (142).

MRI measurement of lesion volume

MRI examinations were carried out in rats anesthetized with 2% isoflurane using
a NanoScan® 1 T MRI system (Mediso Ltd., Budapest, Hungary), equipped with an
actively shielded 450 mT/m gradient and volume coils for both transmission and
reception. For anatomical imaging, a T2-weighted fast spin echo (FSE) sequence was
applied in a three-dimensional acquisition mode covering a 38.4 x 48 x 48 mm field of
view. Sequence parameters included a repetition time/echo time of 2000/59.2 ms
(2000/78.9 ms in the treated + antagonist group), a dwell time of 25 ps, and two
excitations, yielding a total acquisition time of 25 min 44 s. Brain segmentation into three-
dimensional volumes of interest (left and right hemispheres) was performed using

VivoQuant software (inviCRO, Boston, MA) (141).

Quantitative MRI image analysis

The volume of T2 hyperintense regions detected 24 h after ischemic stroke
provides a reliable approximation of the eventual infarct core (146). To quantify the T2-
positive lesion volume within the MRI dataset, voxel intensity histograms of both
hemispheres were generated using the histogram function of the VivoQuant software
(inviCRO, Boston, MA). The discrepancy between the histograms of the right (stroke-
affected) and left hemispheres reflected the presence of ischemic injury. The number of
voxels corresponding to the lesion was then multiplied by the voxel size to obtain the

final cerebral lesion volume (141).
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Functional testing using the “staircase method”

Animals were kept in groups of four under standard housing conditions with a 12
h light/dark cycle and a controlled ambient temperature of 22 + 2 °C. Water was available
ad libitum, while food was restricted to a daily portion of 10-15 g of standard laboratory
chow. The behavioral test apparatus (Campten Instruments Ltd., Loughborough, UK)
consisted of a chamber with a central platform accessible by the animal, with seven steps
positioned on each side. Two standard food pellets were placed on each step, resulting in
14 pellets per side. Training was performed once daily for six days per week over a 14-
day period prior to the experiment. During each trial, rats remained in the staircase boxes
for 10 minutes, after which the numbers of pellets consumed, dropped, or left on the steps
were recorded. Only those animals that successfully learned to collect at least eight pellets
with their left forepaw on the final two consecutive training days were included in the
post-stroke phase. Following induction of stroke, testing continued according to the same
protocol on every post-stroke day for the first two weeks, and subsequently every fourth

day until day 30 (141, 147) (Fig. 3 and Fig. 4).

Fig. 3. Representative example of a control rat 30 days after stroke

The animal exhibits persistent motor impairment of the left forelimb, being unable to

grasp and consume food pellets, and instead merely displacing them.
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Fig. 4. Representative example of a DMT-treated rat 30 days after stroke

The animal exhibited markedly improved motor performance with the affected left
forelimb compared to the control group, being capable not only of gross motor
movement but also of fine motor control, as demonstrated by its ability to grasp and

consume the food pellets.

Blood-brain barrier permeability in vivo

FITC-albumin visualization and quantification in CSF: To assess blood—brain
barrier integrity, 21 animals (n = 7 per group) received an intravenous injection of 1 ml
FITC-albumin solution (20 mg in 1 ml 0.9% NaCl; Sigma, Saint Louis, MO, USA,
product no. A9771) through the lateral tail vein one hour prior to sacrifice. Following one
hour of circulation, cerebrospinal fluid (CSF) was collected from the cisterna magna
using a stereotaxic frame (Harvard Apparatus, Holliston, MA, USA) in combination with
a 100 ul Hamilton HPLC syringe (Hamilton Company, Reno, NV, USA). Brains were
subsequently fixed via transcardiac perfusion with 4% paraformaldehyde prepared in 0.1
M phosphate buffer (148). Free-floating sections (40 um thick) were prepared from the
fixed brains. FITC-albumin was visualized in the brain tissue using a 780 LSM confocal

laser-scanning microscope (Karl Zeiss AG, Oberkochen, Germany), and fluorescence
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intensity was expressed in arbitrary units. For the control hemisphere, two images per
animal were acquired (n = 14 images per group), whereas for the ischemic hemisphere
ten images per animal were collected (n = 210). Quantification of FITC-albumin levels
in CSF samples (n = 5 per group) was performed by fluorescence spectroscopy with
excitation at 495 nm and emission at 520 nm, using a Multiskan Sky microplate reader
(ThermoFisher Scientific, Waltham, MA). Fluorescence intensity measurements were

normalized to the injected FITC-albumin stock solution, which was set to 100% (142).

Brain section immunohistochemistry 1: SIR, MAP-2, IBA-1

Immunohistochemical procedures, including chromogenic and multiple
immunofluorescence labeling, were performed according to previously published
methods (149). Free-floating sections were pre-treated to facilitate antibody penetration,
and non-specific binding was blocked. For single-labeling experiments, sections were
incubated for 72 h at 4 °C with anti-S1R primary antibodies (1:500, ABCAM, Cambridge,
MA; catalog no. AB53852), followed by the application of appropriate secondary
antibodies and avidin-biotin complexes containing horseradish peroxidase.
Immunoreactivity was visualized with 3,3'-diaminobenzidine as chromogen, intensified
using Ni-ammonium sulfate in the presence of H:0. as substrate. For multiple
immunofluorescence labeling, anti-S1R antibodies were combined with two cell-specific
markers: anti-MAP-2 (1:200, Sigma-Aldrich, St. Louis, MO; catalog no. M4403) for
neurons and IBA-1 (1:100, Novus Biologicals, Centennial, CO; catalog no. NB100-1028)
for microglia. Signals were detected with carbocyanine-tagged secondary antibodies (2,
3, or 5). Chromogenic staining results were captured on a BX-51 microscope (Olympus,
Tokyo, Japan) at 5x magnification. Sections subjected to multiple immunofluorescence
labeling were examined on a 780 LSM confocal laser-scanning microscope (Karl Zeiss
AG, Oberkochen, Germany); high-resolution images were acquired with a 3% optical
zoom at 63x% magnification (Plan-Apochromat 63%/1.40), using pinhole settings
restricting detection to 0.5-0.7 um optical thickness. Multipanel images were assembled

using CorelDraw X5 (Corel Corp., Ottawa, Canada) (141).

Brain section immunohistochemistry 2: CLDNS5, GFAP, AQP4, IBA1

CLDNS immunostaining
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For immunostaining, three brain sections per animal from five animals per group
were analyzed (free-floating sections, 40 pum; total of 15 sections per group). Sections
were washed three times for 10 minutes each in PBS on a horizontal shaker. Cell
membrane permeabilization was achieved by incubating the samples in PBS within a 98
°C water bath for 1 hour, followed by cooling to room temperature (RT). Blocking was
performed for 2 hours at RT using a solution containing 2% normal horse serum (NHS),
0.3% BSA, and 0.5% TX-PBS. Sections were then incubated overnight (ON) at 4 °C with
anti-CLDNS primary antibody diluted in the blocking buffer. After three PBS washes on
the following day, sections were incubated for 2 hours at RT with A594 anti-rabbit
secondary antibody diluted in PBS. Samples were subsequently washed three more times
in PBS, and nuclei were counterstained with Hoechst 33342 for 15 minutes at RT. A final
wash in double-distilled water was performed before mounting the sections on glass slides
with Confocal Matrix (Micro Tech Lab, Graz, Austria). Imaging was carried out using a

confocal microscope (142).

GFAP-AQP4 immunostaining

Between each step, brain sections were washed identically to the CLDNS
immunostaining protocol. Permeabilization was carried out in 1% Triton-X-PBS for 10
minutes, followed by incubation in a blocking solution containing 2% NHS, 0.3% BSA,
and 0.5% TX-PBS. Sections were then exposed overnight (ON) at 4 °C to goat anti-GFAP
primary antibody. For double-labeling experiments, the primary antibodies were applied
sequentially. On the second day, after washing, anti-goat A488 secondary antibody was
applied for 2 hours at room temperature (RT). This was followed by overnight incubation
at 4 °C with rabbit anti-AQP4 primary antibody. On the third day, sections were washed
and then incubated with anti-rabbit A594 secondary antibody for 2 hours at RT. Nuclei
were counterstained for 15 minutes at RT, followed by final washes, after which the

sections were mounted in the same way as described for CLDNS staining (142).

IBA1 immunostaining
Between each step, brain sections were washed in the same manner as described
for the previous immunostainings. Permeabilization was carried out in two phases: first,

sections were incubated in 0.01 M citrate buffer in a 70 °C water bath for 20 minutes,
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followed by PBS washes and an additional permeabilization step in 0.5% Triton-X-PBS
for 30 minutes. After washing, blocking was performed with 2% NHS, 0.3% BSA, and
0.5% TX-PBS, after which goat anti-IBA1 primary antibody was applied overnight (ON)
at 4 °C. On the second day, samples were incubated with anti-goat A488 secondary
antibody for 2 hours at room temperature (RT). Following the washes, nuclear
counterstaining was performed for 15 minutes at RT. After a final wash, sections were

mounted in the same manner as for CLDNS5-stained samples (142).

Confocal microscopy

Immunolabeling for CLDNS5 was captured as single-plane images using a confocal
laser-scanning microscope (Olympus Fluoview FV1000, Olympus Life Science Europa
GmbH, Germany). In contrast, GFAP, AQP4, and IBA1l immunoreactivities were
analyzed on a spinning disk confocal microscope (Zeiss, Germany), generating image
stacks of 1520 optical sections. The confocal laser-scanning microscope was configured
with the following parameters: objective lens UPLSAPO 60x, numerical aperture (NA)
1.35; sampling speed 4 ps/pixel; sequential unidirectional scanning mode; excitation
wavelengths 405 nm (DAPI) and 543 nm (Alexa 594). The spinning disk confocal
microscope was set up as follows: PlanApoN 60% objective lens, NA 1.42; camera
binning 1; Z-step size 0.3 um; excitation wavelengths 405 nm (Hoechst 33342), 488 nm
(Alexa 488), and 543 nm (Alexa 594) (142).

Brain section immunohistochemistry image analysis

Original images were segmented to isolate single microvessels, microglia, or
astrocytes. These segmented images were subsequently processed using Matlab
(MathWorks, Natick, MA, USA). Image contrast was first optimized by histogram
equalization. Grayscale images were then converted to binary format, and objects smaller
than four pixels were excluded. In the binary images, pixel counts represented the area of
the labeled structures, whereas total fluorescence intensities were obtained by masking
the grayscale images with their respective binary masks. Each total intensity value was

normalized to the corresponding area (142).
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Analysis of microglia morphology

Microglial morphology at the single-cell level was assessed according to the
protocol of Ferndndez-Arjona and colleagues (2017) (150). IBAl-immunostained
sections were examined using a Spinning Disk Confocal Microscope to identify the brain
region affected by experimental stroke, with the corresponding contralateral area serving
as control. For each animal, ten images were captured from both the control and stroke-
affected hemispheres by an investigator blinded to group allocation. In total, 300 images
were obtained across three experimental groups (5 animals per group). Altogether, 553
individual microglial cells were identified from both hemispheres across the experimental
groups. Single-cell images were extracted in Photoshop CS4 (Adobe, San Jose, CA,
USA), where contrast and brightness were adjusted to optimize visualization of cell
structures. The images were then converted into binary format using ImagelJ, and further
corrected in Photoshop CS4 to ensure that all microglial processes were represented as
continuous lines. Morphological parameters—including fractal dimension, lacunarity,
density, span ratio, maximum span across the convex hull, area, perimeter, circularity,
maximum and minimum radii, and mean radius—were quantified from the processed cell
profiles. These analyses were performed using the Box Counting Fractal Analysis method
implemented in the FracLac plugin of ImageJ (151). Data were first normalized and
subsequently analyzed using the Weka Explorer data mining software package (152). In
the final step, expectation—maximization clustering was applied to partition the dataset
into three distinct clusters (153), and the distribution of these clusters was then evaluated

across the experimental groups (142).

Brain Tissue Sampling for mRNA Expression Analysis

At 25 h after MCAO, animals were sacrificed by decapitation and brains were
rapidly removed. Coronal sections of 2 mm thickness were prepared from fresh brain
tissue using a rat brain matrix (Harvard Apparatus, Boston, MA), beginning 6 mm caudal
to the frontal pole. The first coronal slices were subjected to TTC staining, after which
tissue from the lesion border zone was isolated with a punch biopsy needle. Samples were
preserved in RNAlater solution and stored at —80 °C. Blood serum was collected by direct
puncture of the aorta, centrifuged at 1200 RPM for 5 minutes, and stored at —80 °C until

further assays were performed (141).
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RNA isolation, cDNA synthesis and qPCR from brain samples

RNA was extracted from rat brain tissue using TRIzol reagent (Invitrogen,
Carlsbad, CA) following the manufacturer’s instructions, applying a 10:1 TRIzol-to-
tissue volume ratio to account for the high lipid content. RNA yield was determined by
UV spectrophotometry with a NanoDrop1000 instrument (ThermoFisher Scientific,
Waltham, MA). Integrity was assessed on an Agilent BioAnalyzer (Agilent Technologies,
Santa Clara, CA), and only samples with an RNA integrity number (RIN) above 7.5 were
included for further processing. For cDNA synthesis, 1 ug of RNA per sample was reverse
transcribed using the High Capacity ¢cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA). Gene expression levels were quantified with gene-specific
TagMan assays (Applied Biosystems, Foster City, CA). Normalization was performed
using the ACt method, with PPIA (Cyclophilin A) serving as the reference gene (154).
Quantitative PCR was carried out on the ABI StepOne Real-Time PCR System, and
threshold cycle (Ct) values were calculated with StepOne v2.1 software (Applied
Biosystems, Foster City, CA) (141).

RNA isolation, cDNA synthesis and qPCR from PBMC pellets

Total RNA was extracted from PBMC pellets using TRIzol reagent (Invitrogen,
Waltham, MA) according to the manufacturer’s instructions. RNA yield was quantified
by UV spectrophotometry on a NanoDrop One instrument (ThermoFisher Scientific,
Waltham, MA), and integrity was assessed with an Agilent BioAnalyzer (Agilent
Technologies, Santa Clara, CA). Only samples with RIN values greater than 8 were
included in subsequent analyses. For cDNA synthesis, 1 pg RNA from each sample was
reverse transcribed using the High Capacity cDNA Reverse Transcription Kit
(ThermoFisher). Target gene expression levels were determined using TagMan Real-
Time PCR Assays (ThermoFisher). Data were normalized by the ACt method with PPIA
(cyclophilin A) as the reference gene. Statistical analyses were performed in GraphPad
Prism software, applying the non-parametric Wilcoxon paired test to compare conditions
and identify significantly altered expression patterns. A p-value of < 0.05 was considered

statistically significant (142).
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Serum CLDNS, matrix metalloproteinase-9 (MMP9) and GFAP ELISA

Serum concentrations of CLDNS, MMP9, and GFAP were measured using rat-
specific ELISA kits: CLDNS (Elabscience, cat# E-EL-R2502), MMP9 (Elabscience, cat#
E-EL-R3021), and GFAP (Elabscience, cat# E-EL-R1428). Blood was collected with
EDTA-Na: as anticoagulant, and samples were centrifuged at 1000 x g for 15 minutes at
2-8 °C within 30 minutes of collection. Serum from nine animals per group was analyzed
in duplicate, applying 100 pl per well for each assay. Following sample loading, assays
were performed strictly according to the manufacturers’ instructions. Absorbance was
read at 450 nm on a Multiskan EX microplate reader (Thermo Scientific, cat# 51118170)
(142).

Preliminary assessment of circulating biomarkers (without S1R antagonist and
sham groups)

Plasma samples from all rats were analyzed for IL-1p, IL-6, TNF-a, IL-10, and
BDNF using high-sensitivity rat ELISA kits (ThermoFisher, Waltham, MA; catalog
numbers: BMS630, BMS625, BMS622, BMS629, ERBDNF), and for APAF1 with a rat
ELISA kit (LSBio, Seattle, WA; catalog number: LS-F8140-1), according to the
manufacturers’ protocols. The assay volume was 25 pl. Standard ranges were as follows:
31.3-2000 pg/ml (IL-1P and IL-6), 39.1-2500 pg/ml (TNF-a), 15.6-1000 pg/ml (IL-10),
12.29-3000 pg/ml (BDNF), and 0.156—10 ng/ml (APAF1). Analytical sensitivities were
4.0 pg/ml (IL-1P), 12.0 pg/ml (IL-6), 11.0 pg/ml (TNF-a), 1.5 pg/ml (IL-10), 12 pg/ml
(BDNF), and 0.156 ng/ml (APAF1). Before measurement, samples were thawed and
diluted 1:2 (IL-1pB, IL-6, TNF-a, BDNF, APAF1) or 1:4 (IL-10). Each sample was
assayed in triplicate, and mean values were used for statistical evaluation. Intra- and inter-
assay coefficients of variation were <10% and <12%, respectively. Absorbance was read
at 450 nm on a Synergy HT microplate reader (Bio-Tek Instruments, Winooski, VT)
(141).

Comprehensive assessment of circulating biomarkers

Cytokine, chemokine, and neurotrophin concentrations in rat serum and culture
supernatants were determined using OptEIA kits (BD Biosciences, Franklin Lakes, NJ)
and high-sensitivity ELISA assays for IP-10 and CINC-1/CXCL1 (ThermoFisher),
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following the manufacturers’ protocols. The precision of the assays was specified as
follows: intra-assay coefficient of variation (CV) < 10% and inter-assay CV < 12% (CV%
= SD/mean x 100) (142).

In vitro
Cell Cultures

According to previously established methods, primary rat brain endothelial cells
(RBECs:), pericytes (RPCs), and glial cells were isolated and cultured (155, 156). Briefly,
RBECs were isolated from 4-week-old outbred Wistar rats of both sexes and plated onto
culture dishes (Corning Costar, New York, NY, USA) pre-coated with 100 pg/ml
collagen type IV (Sigma-Aldrich, cat# C5533) and 25 pg/ml fibronectin (Sigma-Aldrich,
cat# F1141). Cells were maintained in DMEM/HAM’s F-12 medium (Gibco, Waltham,
MA, USA) supplemented with plasma-derived bovine serum (PDS, First Link,
Wolverhampton, UK; 15% for the first 3 days, then reduced to 10%), 10 mM HEPES,
100 pg/ml heparin, 5 pg/ml insulin, 5 pg/ml transferrin, 5 ng/ml sodium selenite (ITS,
Pan-Biotech, Aidenbach, Germany), 1 ng/ml basic fibroblast growth factor (bFGF), and
50 pg/ml gentamicin. Cultures were kept at 37 °C in a humidified atmosphere containing
5% CO.. To remove contaminating cell populations lacking P-glycoprotein expression,
the medium was supplemented with 3 pg/ml puromycin during the initial 3 days of culture
(156). Following isolation, pericytes were seeded onto culture dishes (VWR
International, Radnor, PA, USA) coated with 100 pg/ml collagen type I'V. Glial cells were
obtained from newborn rats and plated in uncoated 75 cm? flasks (TPP, Trasadingen,
Switzerland). As previously reported, the resulting glial cultures consisted of
approximately 80% astrocytes and 20% microglial cells (157). Both pericytes and glial
cells were cultured in low-glucose DMEM medium (Gibco, ThermoFisher) supplemented
with 10% fetal bovine serum (FBS, Pan-Biotech, Aidenbach, Germany) and 50 pg/ml
gentamicin (142).

Oxygen-glucose deprivation and reoxygenation model

To mimic hypoxic conditions, cells were subjected to 6 hours of oxygen—glucose
deprivation (OGD) followed by 24 hours of reoxygenation (OGDR) (Fig. 12A). The
timing of this experimental paradigm was adapted from the study of Sato et al., 2022
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(158). A dedicated O2/CO: incubator (PHCBI MCO-50M) was used to establish an
atmosphere of 1% O: and 5% CO:x. Prior to the 6-hour OGD period, oxygen was removed
from the serum- and glucose-free DMEM/F12 medium (Biowest, cat# L0091)
supplemented with Glutamax (Gibco) by bubbling with N: gas. Control cells were
maintained under normoxic conditions in a humidified incubator with 5% CO: using the
standard culture medium described above, throughout the same 6+24-hour protocol. This
group is referred to as “normoxia” (Fig. 12A). At the onset of the 24-hour reoxygenation
phase, 200 uM DMT, with or without 2 uM BD1063, was added to the culture medium
(142).

Impedance-based measurement of endothelial cells, pericytes and glial cells
Real-time impedance-based cell analysis was carried out in specialized 96-well
plates with integrated gold electrodes (E-plate 96; Agilent, Santa Clara, CA, USA; cat#
300600910) using the xCELLigence RTCA SP system (Agilent). For RBECs, plates were
coated with collagen type IV (100 pg/ml) and fibronectin (25 pg/ml), while for RPCs and
glial cells only collagen type IV (100 pg/ml) was applied. Cell-free background
impedance was recorded in culture medium for each well prior to seeding. Subsequently,
5 x 10* RBECs/well, 6 x 10° RPCs/well, and 6 x 10* glial cells/well were plated and
cultured until confluency. Impedance of the cell layers was monitored at 10 kHz every 10
minutes. To promote barrier formation, confluent RBEC monolayers were pre-treated
with 550 nM hydrocortisone for 24 h before OGDR exposure. The impedance readout,
expressed as the cell index, reflects cell—cell contact integrity and adhesion strength, and
is defined as Zn — Z0, where Zn is the impedance at a given time point and Z0 represents
the cell-free background impedance. Cell index values were normalized to the final

measurement obtained before OGDR treatment (142, 159).

Barrier integrity tests

Triple co-culture model
To assess barrier integrity, 8.5 x 10* RBECs and 1.5 x 10* RPCs were co-cultured
on cell culture inserts (Corning, cat# 3460), while 2.5 x 10* glial cells were seeded on the

bottom of the companion plate. Cultures were maintained under control conditions for 5
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days before being subjected to OGDR (6-hour OGD followed by 24-hour reoxygenation).
At the onset of reoxygenation, 200 uM DMT, with or without 2 pM BD1063, was added
to the standard culture medium. Following OGDR, supernatants were collected and
centrifuged at 700 x g for 5 minutes to remove cellular debris, then stored at —20 °C until
analysis. RBECs were fixed with ice-cold acetone:methanol (1:1) for 2 minutes and
immediately rehydrated in PBS containing 1% FBS. Glial cells were fixed separately with
4% paraformaldehyde (PFA) for 15 minutes at room temperature for subsequent

immunocytochemistry (142).

Transendothelial electrical resistance measurement

To assess sodium ion permeability, transendothelial electrical resistance (TEER)
was determined using an EVOM Volt-Ohm meter (World Precision Instruments Inc.,
Sarasota, FL, USA) equipped with STX-2 chopstick electrodes. Background resistance
was recorded from inserts without cells and subtracted from the measured values. TEER
values were then normalized to the surface area of the endothelial monolayer and

expressed as Q x cm?, in line with our previous publications (142, 159).

Permeability measurement

Following the 24-hour reoxygenation period, barrier integrity was evaluated by
assessing permeability to two fluorescent tracers: sodium fluorescein (SF, 10 pg/ml, MW
= 376 Da) and Evans blue—conjugated albumin (EBA, 170 pg/ml, MW = 67 kDa). The
assay was carried out in Ringer-Hepes buffer (118 mM NaCl, 4.8 mM KCl, 2.5 mM
CaClz, 1.2 mM MgSOs, 5.5 mM D-glucose, 20 mM HEPES, pH 7.4), following
previously established protocols (159). The concentrations of SF and EBA in samples
collected from the lower chamber were quantified using a Fluorolog 3 spectrofluorometer
(Horiba Jobin Yvon). Permeability across cell-free inserts was also assessed. Endothelial
permeability coefficients (Pe) were derived from tracer clearance values, following the

methodology described in earlier works (142, 155).
Cell culture immunocytochemistry: CLDNS

Fixed RBECs were rinsed three times with phosphate-buffered saline (PBS) and
subsequently blocked in 3% bovine serum albumin (BSA) prepared in PBS for 1 h at
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room temperature (RT). The anti-CLDNS5 primary antibody (see Table S1 for details) was
diluted in the blocking solution and applied overnight (ON) at 4 °C. Following three PBS
washes, cells were incubated for 1 h at RT with Alexa Fluor 488-conjugated anti-rabbit
secondary antibody together with Hoechst 33342 nuclear stain, both diluted in PBS. After
three additional PBS washes and a final rinse in distilled water (DW), membranes were
excised, mounted on glass slides using Fluoromount-G (Southern Biotech, AL, USA; cat#

0100-01), and analyzed by confocal microscopy (142).

GFAP-IBA1 immunocytochemistry

GFAP-IBA1 immunocytochemistry was carried out in the same manner as
CLDNS5 immunostaining. Since glial cells were fixed with paraformaldehyde (PFA),
membranes were permeabilized with 0.2% Triton X-100 (TX) for 10 min at 4 °C. After
blocking, cells were incubated overnight (ON) at 4 °C with anti-GFAP and anti-IBA1
primary antibodies. This was followed by 1 h incubation at room temperature (RT) with
anti-mouse Alexa Fluor 555 and anti-goat Alexa Fluor 488 secondary antibodies.

Following the final washing step, cells were mounted using Fluoromount-G (142).

Cell culture immunocytochemistry image analysis

CLDNS and GFAP-IBAL1 fluorescence images were acquired using a Leica TCS
SP5 confocal laser scanning microscope (Leica Microsystems, Wetzlar, Germany). To
ensure comparability of staining intensity, all images were captured under identical
settings (n = 13-20 images per group). Image analysis was performed with ImageJ

software (NIH, Bethesda, MD, USA) (142).

MTT cytotoxicity assay

RBECs and RPCs were cultured in 96-well plates (Corning) at a density of 5x103
cells per well. Once confluent, the cells were subjected to OGDR treatment. Following
OGDR, the medium was completely removed and cells were incubated for 3 h at 37 °C
in CO:z atmosphere with 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, Sigma M5655) dissolved in serum- and phenol red-free DMEM/F-12
medium (Gibco). After crystal formation, the medium was discarded and blue formazan

crystals were solubilized in 100 pl/well dimethyl sulfoxide (DMSO, Sigma-
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Aldrich/Merck). Absorbance was measured at 595 nm, with MTT reduction in normoxic

wells set as 100% viability (142).

Total RNA isolation

In the triple co-culture system, RBECs were cultured on Transwell inserts
(Corning, cat# 3460) for 5 days. Following OGDR treatment (6-hour OGD + 24-hour R),
RPCs were removed, and RBECs were directly lysed on the inserts with Buffer RLT Plus
(Qiagen, cat# 1053393), as described in previous works (159). Total RNA was extracted
using the RNeasy Plus Micro Kit (Qiagen, cat# 74034), which includes an integrated
gDNA eliminator spin column, following the manufacturer’s instructions. RNA integrity
was assessed by automated capillary electrophoresis (RNA Pico Sensitivity Assay,
LabChip GX II Touch HT instrument, Perkin Elmer). Isolated RNA samples were stored
at —80 °C until further analysis (142).

Library preparation and 3° RNA-sequencing (RNA-seq)

Genome-wide transcriptomic profiling was conducted by RNA-seq at GenXPro
GmbH, Frankfurt, Germany. For library preparation, 1 pg of purified RNA per sample
was used, resulting in the generation of 20 libraries in total. RNA was fragmented and
reverse transcribed into cDNA with barcoded oligo(dT) primers carrying TrueQuant
unique molecular identifiers, followed by template switching. The libraries were
subsequently amplified by polymerase chain reaction (PCR) and purified using solid
phase reversible immobilization beads (Agencourt AMPure XP, Beckman Coulter, cat#

A63882). Sequencing was performed on the Illumina NextSeq 500 platform (142).

Bioinformatic analysis of RNA-seq data

Approximately 20 million single-end 75 bp reads were generated per library. Raw
sequencing reads were adapter- and quality-trimmed using Cutadapt (version 3.4), and
their quality was subsequently assessed with FastQC. The cleaned reads were aligned to
the reference genome with STAR (version 2.7.10a), allowing for spliced alignments.
Gene-level read quantification was carried out with STAR and RSEM (version 1.3.3),
while transcript abundance was additionally estimated using RSEM. MultiQC (version

1.12) was applied to compile outputs from all tools into a unified report, thereby
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facilitating the identification of global patterns and potential biases. Differential
expression analysis was conducted with the DESeq2 package in R/Bioconductor, yielding
log2 fold change (log2FC) values and P-values for each gene. To adjust for multiple
testing, false discovery rates (FDR) were calculated using the Benjamini—Hochberg
procedure. Genes with FDR <0.05 and log2FC > 0.415 or log2FC <—0.415 were defined
as differentially expressed. Functional enrichment analysis was performed with the

2:GOSt tool of g:Profiler to identify overrepresented Gene Ontology (GO) terms (142).

Statistical analysis

All data are expressed as mean + SD. For statistical comparisons between two
groups, a t-test was used followed by Bonferroni correction (141). Otherwise, statistical
comparisons were performed using one-way or two-way ANOVA followed by
Bonferroni’s post hoc test. Analyses were performed with GraphPad Prism 8.1 software
(GraphPad Software Inc., La Jolla, CA). A p value < 0.05 was considered indicative of

statistical significance (142).
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4. Results

DMT reduces lesion volume and BBB disruption in a rat stroke model

To investigate the effects of DMT in experimental stroke, we employed a transient
middle cerebral artery occlusion (tMCAQ) model in rats, which has been reliably used in
prior studies (140, 141). The protocol consisted of a 60-minute occlusion period, followed
by 24 hours of reperfusion. Only animals exhibiting a reduction of at least 40% in cerebral
blood flow were included and randomly assigned to treatment groups (Fig. 5). Reviewing
the surgical logs from approximately 150 operated animals, the mean reduction in
cerebral blood flow was 70%. This typically occurred in an “all-or-none” manner—an

instantaneous, steep drop once the filament reached the ideal position.
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Fig. 5. Cerebral blood flow alterations during the induction of transient MCA
occlusion

Transcranial laser Doppler flowmetry over the middle cerebral artery territory
reveals a marked drop in cerebral blood flow immediately upon filament insertion,
confirming successful arterial occlusion. Figure reproduced and legend adapted

from: (142)

This model generates infarcts of sufficient size for reliable analysis while
minimizing mortality associated with prolonged ischemia. It closely mirrors the
pathophysiology of human ischemic stroke. However, natural variation in collateral
circulation among individual animals leads to considerable variability in lesion volume,
necessitating larger sample sizes to achieve statistical power compared to other models

(160).
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To evaluate the impact of DMT, infarct volume and brain edema were assessed on
Nissl-stained histological sections (Fig. 6A). Treatment with DMT significantly reduced
both infarct size and the associated swelling relative to the untreated stroke group (Fig.
6B-C).

Following these histological findings, magnetic resonance imaging (MRI) was
conducted for further validation. To explore potential mechanisms underlying the
observed effect, a subset of animals was co-treated with BD1063, a selective sigma-1
receptor (S1R) antagonist, alongside DMT (Fig. 6D). MRI scans acquired 24 hours after
MCAO confirmed that DMT monotherapy significantly decreased lesion volume
compared to controls (135.1 + 19.0 mm? vs. 204.8 + 24.5 mm?, p = 0.0373; n = 10 per
group). In contrast, animals receiving the combined DMT and BD1063 treatment
exhibited significantly larger infarct volumes compared to the DMT-only group (208.1 +
22.6 mm?® vs. 135.1 = 19.0 mm?, p = 0.0238; Fig. 6E). Notably, no significant difference
was observed between the DMT+BD1063 group and the control animals (208.1 + 22.6
mm?® vs. 204.8 £ 24.5 mm?, p = 0.9222; Fig. 6E).

Using this protocol, we generated a large striatal—cortical lesion with an MRI-
measured volume of 150-200 mm?, corresponding to ~15-20% of the rat hemisphere.
Proportionally, this is comparable to a relatively large 70—100 mL human infarct, or even
a larger, “malignant” lesion of approximately 150 mL. Regarding the time window, a
direct translation of this model to a human equivalent is more difficult due to the strong
dependence on collateral circulation. However, in humans with poor collaterals, our
model roughly corresponds to an M1-level occlusion lasting about 60—120 minutes.

We found no difference in mortality between the DMT-treated and untreated groups
during either the 24-hour or the 30-day follow-up, and we did not observe any non-

technical deaths.
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Fig. 6. Effect of DMT on infarct size and the associated edema

A: Representative cresyl violet—stained coronal brain sections from a DMT-treated
rat, shown in cranial-to-caudal sequence. The infarcted regions are marked with
yellow dotted lines. B, C: Quantitative comparison of infarct volume and brain edema
between the stroke group (n = 10) and the DMT-treated stroke group (n = 9)
demonstrates that DMT significantly reduced infarct size (**P = 0.0327) and the
extent of associated edema (**P = 0.0135); data are presented as mean = SD, analyzed
with unpaired t-test. D: Representative MRI scans in sagittal, axial, and coronal planes
from rats in the stroke, DMT-treated, and DMT+BD1063-treated groups (n = 10
rats/group). E: Quantitative analysis of individual T2-weighted lesion volumes at 24
hours post-MCAO revealed that DMT administration significantly reduced infarct
core size. Animals receiving DMT monotherapy (grey triangles) exhibited markedly
smaller lesion volumes compared to vehicle-treated controls (grey dots). In contrast,
rats treated with the combined DMT and BD1063 regimen (grey diamonds) displayed
lesion sizes comparable to those observed in the control group. Data are presented as

mean =+ standard deviation. Figure reproduced and legend adapted from: (142)
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In line with the lesion volume data presented above, DMT appears to confer
neuroprotection in the context of ischemic stroke. To examine whether this effect is
associated with preserved blood-brain barrier (BBB) integrity, we assessed vascular
permeability using FITC-albumin. The dye was administered to selected groups 23 hours
after reperfusion, followed by one hour of circulation before sample collection (Fig. 7A).
FITC-albumin fluorescence in the brain parenchyma was quantified on histological
sections (Fig. 7B, Fig. 7E). A significant reduction in FITC-albumin extravasation was
observed in DMT-treated animals compared to stroke controls (P = 0.0093). This effect
persisted in animals receiving combined treatment with DMT and the sigma-1 receptor
antagonist BD1063 (Fig. 7C).

To further validate these findings, FITC-albumin levels in the cerebrospinal fluid
(CSF) were measured using fluorescence spectroscopy. DMT-treated animals exhibited
significantly lower FITC-albumin concentrations in the CSF compared to the stroke
group (P =0.0454). Although a slight trend toward increased leakage was observed in the
DMT+BD1063 group, the difference did not reach statistical significance (P = 0.3821;
Fig. 7D).

Together, these results suggest that DMT supports BBB integrity following ischemic
injury. Although BD1063 may partly influence this effect, its failure to completely block
DMT’s effect suggests that sigma-1 receptor signaling is involved, but not solely

responsible, for the protective mechanism.
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Fig. 7. Albumin extravasation to brain and cerebrospinal fluid in the rat
transient focal brain ischemia model

A: Schematic representation of treatment protocol and experimental timeline. B:
Representative low-magnification images (scale bar: 200 um) from the stroke, DMT-
treated stroke, and DMT+BD1063 co-treated groups demonstrate green FITC-
albumin fluorescence as an indicator of blood-brain barrier (BBB) permeability. The
observed extravasation reflects the extent of BBB disruption. C: Quantitative
assessment of FITC-albumin extravasation in both hemispheres across stroke, DMT,
and DMT+BD1063 treatment groups (n = 7 rats/group). A significant reduction in
FITC signal intensity was observed in the DMT group compared to stroke (***P =
0.0093). The DMT+BD1063 co-treatment group also showed reduced intensity
versus stroke (*P = 0.011), while no significant difference was found compared to
DMT alone (P = 0.4254); values shown as mean + SD, analyzed with two-way
ANOVA followed by Bonferroni’s post hoc test. The contralateral, non-injured
hemisphere showed no treatment-related changes. D: Quantitative analysis of FITC-
albumin penetration into the cerebrospinal fluid (CSF) using fluorescence
spectroscopy. CSF samples were collected from stroke (n = 5), DMT-treated stroke
(n=15), and DMT+BD1063-treated stroke (n = 5) groups. A significant reduction in
FITC intensity was observed in the DMT-treated stroke group compared to vehicle-
treated stroke animals (p = 0.0454), while the DMT+BD1063 co-treated group
showed no significant difference from the stroke group (p = 0.3821). (H) FITC-
albumin levels in cerebrospinal fluid were quantified using fluorescence
spectroscopy (n = 5 rats/group). DMT treatment significantly reduced FITC intensity
compared to stroke (*P = 0.0454), whereas co-treatment with BD1063 did not yield
a significant difference from stroke alone (P = 0.3821). E: Fluorescent images
illustrating FITC-albumin leakage into the brain parenchyma as a marker of blood-

brain barrier disruption. Figure reproduced and legend adapted from: (142)

DMT attenuates oxygen-glucose deprivation—-induced barrier disruption in a rat co-

culture model

To examine the cell type—specific responses to DMT, primary rat brain endothelial

cells, pericytes, and astroglia were studied both in monocultures and in co-culture
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systems, forming a specific model of the blood—brain barrier. The effects of DMT under
normoxic conditions were initially tested on brain endothelial monolayers across a
concentration range of 1-300 uM (Fig. 8A—B). No concentration-dependent effect on
endothelial impedance was observed, except for a modest 5% decrease at the highest

concentration (300 uM) relative to untreated controls.
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Fig. 8. Effect of DMT on BBB cell types under normoxic conditions
A-B: Impedance kinetics of rat primary brain endothelial cells exposed to 1-300 pM

DMT under normoxic conditions. Data are presented as mean + SD, n = 11-18.

Figure reproduced and legend adapted from: (142)

The oxygen-glucose deprivation—-reoxygenation (OGDR) model was established
using monocultures of each blood-brain barrier cell type, and real-time impedance
measurements were employed to monitor the kinetics of cellular responses (Fig. 9A).
Following a 6-hour OGD insult, cultures were allowed to recover for 24 hours under
reoxygenated conditions in the presence of either DMT alone or in combination with the
S1R antagonist BD1063. The cellular response to OGDR varied distinctly among the
three cell types (Fig. 9B). Endothelial cells exhibited a sharp drop in impedance to 40%
during OGD, but recovered to nearly 90% of baseline after reoxygenation. Glial cells also
showed sensitivity, with impedance decreasing to 63%. Although an initial recovery peak
was observed, glial impedance plateaued at 71% by the end of the 30-hour observation
period. Pericytes were the most vulnerable, showing a marked decline in impedance to
14% during OGD and a partial recovery to 70% post-reoxygenation. Quantitative analysis

of the impedance curves (area under the curve, expressed as cell index) further confirmed
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that pericytes were most affected by OGDR, followed by endothelial cells and astrocytes,
the latter exhibiting the best recovery profile.
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Fig. 9. Effect of OGDR on a primary rat blood-brain barrier (BBB) co-culture
model

A: Schematic representation of the impedance-based experimental setup. Rat
primary brain endothelial cells (green), pericytes (orange), and glial cells (blue)
were subjected to 6 hours of oxygen-glucose deprivation (OGD), followed by 24
hours of reoxygenation in the presence of either DMT or DMT+BD1063. B: Real-
time impedance recordings for each cell type under OGDR conditions, shown as
kinetic curves and quantified by area under the curve (AUC) of cell index from 0
to 30 hours. Data are presented as mean + SD; one-way ANOVA with Bonferroni’s
post hoc test; ****P < (0.0001; n = 5-13. Figure reproduced and legend adapted
from: (142)

The impact of DMT during the reoxygenation phase was also assessed; however, no
significant changes were detected in the impedance of any of the cell monolayers after 24

hours of recovery (Fig. 10A-F).
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Fig. 10. Effect of DMT on BBB cell types under OGDR

A-F: Impedance profiles of rat primary brain endothelial cells, pericytes, and glial
cells during a 6-hour period of oxygen-glucose deprivation (OGD) followed by
reoxygenation (OGDR). Cultures were treated with 200 uyM DMT or 200 uM DMT
combined with 2 uM BD1063. Data are expressed as mean + SD. Statistical analysis
was performed using ANOVA with Bonferroni’s post hoc test. ****P < 0.0001
compared to the OGDR group, n = 5-13. Figure reproduced and legend adapted
from: (142)

OGDR exposure led to a reduction in cellular metabolic activity in both brain endothelial
cells and pericytes, as determined by MTT assay (Fig. 11). This impairment was reversed
by DMT treatment at concentrations of 100 and 200 uM (Fig. 11A). Based on these
results, the 200 uM dose was selected for subsequent experiments. In brain endothelial
cells, DMT effectively prevented the OGDR-induced decline in metabolic activity (Fig.

11B), whereas no such protective effect was observed in pericytes (Fig. 11C).
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Fig. 11. Effect of DMT on metabolic activity assessed by MTT assay in primary
rat brain endothelial cells and pericytes during OGDR

A: Evaluation of cell viability in rat brain endothelial cells exposed to oxygen-glucose
deprivation and reoxygenation (OGDR) and treated with increasing concentrations of
DMT (100, 200, and 300 uM). Results are expressed as percentages relative to
normoxic controls. Data represent mean + SD; statistical comparisons were
performed using one-way ANOVA followed by Bonferroni’s multiple comparisons
test; ###p = 0.0002 versus normoxia; *p = 0.0121, ***p = 0.0005 versus OGDR; n =
10-15. B: Effect of 200 uM DMT, with or without 2 uM BD1063, on endothelial cell
viability following OGDR. Values are expressed relative to normoxia (mean + SD);
###p < 0.0001 versus normoxia; **p = 0.0012, ***p =0.0001 versus OGDR; n = 6—
12. C: Viability of brain pericytes following OGDR and treatment with 200 uM DMT
alone or combined with 2 pM BDI1063. Results are shown as a percentage of
normoxic controls (mean £ SD); ###p = 0.0004, ####p < 0.0001 versus normoxia; n

= 14-16. Figure reproduced and legend adapted from: (142)

To assess barrier integrity in the in vitro BBB model, a triple co-culture system was

utilized (Fig. 12A). Exposure to OGDR resulted in a significant reduction in

47



transendothelial electrical resistance (TEER) (Fig. 12B), accompanied by a 2.4-fold
increase in paracellular permeability to fluorescein (Fig. 12C) and a 2.5-fold increase in
transcellular permeability to albumin (Fig. 12D), indicating substantial barrier disruption.
DMT administration significantly attenuated the increase in albumin permeability,
suggesting a protective effect on the transcellular route. However, DMT had no detectable
influence on the OGDR-induced changes in paracellular integrity, as reflected by
unchanged TEER and fluorescein permeability values (Fig. 12B-D). Notably, co-
treatment with the sigma-1 receptor antagonist BD1063 did not reverse the stabilizing

effect of DMT (Fig. 12D).
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Fig. 12. Effect of OGDR and DMT on a primary rat blood-brain barrier (BBB)
co-culture model

A: Overview of the experimental design for assessing barrier integrity using the
BBB co-culture model under normoxic and OGDR conditions. B: Transendothelial
electrical resistance (TEER) measurements taken after 24 hours of reoxygenation.
Values are expressed as mean = SEM; n = 8. C: Permeability to sodium fluorescein
and D Evans blue—albumin (Pe: endothelial permeability coefficient) following 24-
hour reoxygenation. Results are given as mean + SD; n = 4. One-way ANOVA with

Bonferroni’s post hoc test; #P < 0.05, ##P < 0.01, ###P < 0.0003 versus normoxia.

Figure reproduced and legend adapted from: (142)

DMT preserves BBB integrity via claudin-5 stabilization and mitigates cytotoxic

edema by downregulating AQP4 activation

Immunofluorescence analysis revealed a marked reduction in the tight junction
protein claudin-5 (CLDNS5) on the ischemic hemisphere compared to the contralateral
side following focal cerebral ischemia (P < 0.0001; Fig. 13A), indicating blood-brain
barrier disruption. This loss of CLDNS signal was prevented by DMT administration, as
no significant difference in fluorescence intensity was observed between hemispheres in
the DMT-treated group. However, the protective effect of DMT was abolished by co-
treatment with the sigma-1 receptor antagonist BD1063, which resulted in a significant
reduction in CLDNS intensity on the injured side (P < 0.0001), resembling that of vehicle-
treated animals (Fig. 13B).

Similar patterns were observed in vitro using cultured brain endothelial cells exposed
to OGDR. CLDNS staining was decreased after OGDR, while DMT treatment preserved
its intensity. In contrast, the combined DMT+BD1063 condition showed a reduction in

CLDNS staining comparable to OGDR alone (Fig. 13C-D).

Circulating CLDNS protein levels were also quantified to assess systemic evidence
of BBB breakdown. Serum CLDNS concentrations were significantly elevated following
stroke (Fig. 13H), consistent with junctional degradation. This increase was effectively
inhibited by DMT treatment (P < 0.0001), and BD1063 co-administration did not

interfere with the protective effect. Serum matrix metalloproteinase-9 (MMP9), known
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to degrade junctional proteins, was significantly elevated in the stroke group. DMT
significantly reduced serum MMP9 levels (P = 0.0076), reaching values similar to those
in vehicle-treated controls. Notably, this effect was not altered by the addition of BD1063
(Fig. 130).

Given the role of AQP4 in astrocyte-mediated water transport and cytotoxic edema,
we next examined its expression by immunohistochemistry (Fig. 13E). A significant
increase in AQP4 fluorescence intensity was detected in the peri-infarct region compared
to the contralateral hemisphere (P = 0.0033). DMT treatment prevented this elevation, as
no significant difference was found between hemispheres. However, in the
DMT+BD1063 group, AQP4 expression increased on the injured side (P = 0.0011),
mirroring the vehicle group (Fig. 13F). These findings suggest that the effect of DMT on

AQP4 expression is mediated through sigma-1 receptor signaling.

In our analysis of astrocytes in the perivascular region (Fig. 13E), the
immunoreactivity of glial fibrillary acidic protein (GFAP), a cytoskeletal marker of
astrocytes, did not show significant differences between hemispheres in any treatment
group (Fig. 13G), in contrast to the pattern observed for AQP4. In glial cell cultures,
OGDR increased GFAP staining, and this effect was significantly decreased by DMT
(Fig. 14A-B).

Finally, serum GFAP levels were measured to evaluate astrocytic activation and
BBB dysfunction, as serum GFAP is known from human data to correlate with infarct
size, neurological severity, and long-term outcome in acute stroke patients (91, 92, 161,
162) (Fig. 13J). Stroke induced a fourfold elevation in circulating GFAP, which was
significantly suppressed by DMT treatment (P < 0.0001). However, co-administration of
BD1063 reversed this effect (P = 0.0179), and GFAP levels in the DMT+BD1063 group
were not significantly different from those in the vehicle-treated stroke group (P =
0.0586). These results support the notion that DMT mitigates ischemia-induced astrocytic

and BBB responses, at least in part, through sigma-1 receptor—dependent mechanisms.
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Fig. 13. DMT preserves blood-brain barrier integrity

A: Representative images show CLDN5 immunofluorescent staining in brain
sections. B: Quantification of CLDNS signal intensity reveals a significant reduction
on the injured hemisphere after stroke, which is prevented by DMT treatment. Data
are presented as mean + SD. One-way ANOVA with Bonferroni’s post hoc test:
#### P < 0.0001 compared to the contralateral (control) hemisphere, **** P <
0.0001 compared to the stroke group; n = 5-15. C: CLDNS5 immunofluorescent
staining in cultured brain endothelial cells. D: Quantitative analysis of CLDNS5
fluorescence intensity confirms reduced expression after OGDR, which is mitigated
by DMT. Mean + SD, one-way ANOVA with Bonferroni’s post hoc test: # P =
0.0399; ## P = 0.0058 compared to the normoxia group; n = 13—17. E: Double
immunostaining for AQP4 and GFAP in brain sections. F: Quantification of AQP4
signal intensity reveals significantly elevated levels on the injured side following
stroke, which is prevented by DMT treatment. Mean + SD, one-way ANOVA with
Bonferroni’s post hoc test: ## P < 0.005 compared to the contralateral hemisphere;
n = 5-15. G: Quantification of GFAP fluorescence intensity shows no significant
inter-group differences. H-J: Serum ELISA measurements of CLDNS, MMP9, and
GFAP concentrations. Data are expressed as mean + SD; n = 9 rats/group. One-way
ANOVA with Bonferroni’s post hoc test: ## P < 0.01; ### P < 0.001; #### P <
0.0001 vs. sham group; * P <0.05; ** P =0.0076; **** P <0.0001 vs. stroke group.
Figure reproduced and legend adapted from: (142)
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Fig. 14. Immunostaining of cultured glial cells following OGDR

A: Representative immunofluorescent images of GFAP-positive astrocytes and
IBA1-labeled microglia in glial cell cultures after oxygen-glucose deprivation and
reoxygenation (OGDR). Scale bar: 50 um. B: Quantification of GFAP fluorescence
intensity. C: Quantification of IBA1 fluorescence intensity. Data are presented as
mean + SD; one-way ANOVA with Bonferroni’s post hoc test: ### P < 0.001, ####
P < 0.0001 compared to the normoxia group; ** P < 0.01 and **** P < 0.0001

compared to the stroke + DMT group; n = 14-18. Figure reproduced and legend
adapted from: (142)
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DMT modulates gene expression and attenuates cytokine release in brain
endothelial cells following OGDR

To explore transcriptomic alterations induced by DMT in brain endothelial cells
under ischemic conditions, we performed Massive Analysis of cDNA Ends (MACE-seq)
on primary brain endothelial cells derived from triple co-cultures. Principal component
analysis revealed clear clustering between OGDR-exposed samples and the normoxic
controls along principal component 2, underscoring substantial transcriptional
reprogramming following OGDR exposure (Fig. 15A). Differential expression analysis
identified 942 downregulated and 1071 upregulated genes in the OGDR group relative to
normoxia (Fig. 15B). These transcriptional changes were enriched for pathways related
to cellular stress responses, extracellular matrix reorganization, and proliferative

signaling (Fig. 15C-D).

Surprisingly, DMT exerted only a modest impact on the overall transcriptomic
profile: comparison of OGDR vs. OGDR+DMT conditions revealed significant
alterations in just 19 transcripts. Among these, notable findings included the
downregulation of inflammation-associated genes (Gbp2, Cuedc2) and the upregulation
of transcripts involved in anti-inflammatory signaling (Lrrc14, Gdf15) and glucose
metabolism (Flen, Uaplll, Insigl) (Fig. 15E). Importantly, the addition of the sigma-1
receptor antagonist BD1063 did not reverse these gene expression changes
(OGDR+DMT+BD1063 vs. OGDR+DMT; Fig. 15F), suggesting sigma-1 receptor—

independent transcriptional modulation.

To further investigate the inflammatory milieu, cytokine concentrations were
measured in both the luminal and abluminal compartments of the co-culture model,
simulating the blood and brain sides of the BBB, respectively (Fig. 15G—N). In normoxic
conditions, the four analyzed cytokines were undetectable, except for IL-6, which was
present at very low levels in the luminal chamber (Fig. 15K). OGDR significantly
increased the secretion of pro-inflammatory cytokines—TNFa, IL-1B, and IL-6 (Fig.
15G-L)—as well as the anti-inflammatory cytokine IL-10 (Fig. 15M—N) in both
compartments. Higher cytokine concentrations were found on the abluminal side,

reflecting contributions from astrocytes and microglia in addition to endothelial cells.
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DMT administration effectively suppressed the release of TNFa, IL-1f, and IL-6
across both compartments, without significantly altering IL-10 levels (Fig. 15G—-N). Co-
treatment with BD1063 antagonized DMT’s effect on TNFa, IL-1B, and IL-6 (Fig. 15G—

L), implicating the sigma-1 receptor in mediating this anti-inflammatory action.

Taken together, these results indicate that DMT reduces inflammation in the in
vitro BBB model. However, given the limited transcriptional response observed in
endothelial cells by MACE-seq, it is likely that this cell type is not the primary target of
DMT. To further elucidate the systemic mechanisms underlying DMT’s neurovascular
protection, we next examined inflammatory gene expression in the brain and in peripheral
blood mononuclear cells (PBMCs), assessed plasma cytokine and chemokine profiles,

and analyzed morphological changes in brain microglia.
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Fig. 15. The anti-inflammatory effects of DMT in cultured brain endothelial cells
following OGDR

A: Principal component analysis (PCA) reveals distinct transcriptomic profiles
between normoxia and OGDR-treated groups. B: Volcano plot representing
differential gene expression in OGDR versus normoxia. Log2FC: log2(fold change),
FDR: false discovery rate. C, D: Gene ontology (GO) and transcription factor binding
site (TF) enrichment analysis of downregulated (C) and upregulated (D) pathways in
the OGDR group compared to normoxia. E: Volcano plot illustrating transcriptomic
changes induced by DMT in OGDR-treated brain endothelial cells. F: Volcano plot
showing the effect of BD1063 co-treatment on DM T-modulated gene expression. G:
Schematic diagram of the BBB co-culture model highlighting the luminal and
abluminal compartments. G—-N: Quantification of TNFa, IL-1B, IL-6, and IL-10
cytokine levels in supernatants from the luminal and abluminal compartments of the
rat triple co-culture BBB model. n/d: not detected. n = 3—6 per group; data are
presented as mean + SD; one-way ANOVA with Bonferroni’s post hoc test: # P <
0.05, ## P < 0.01, ### P < 0.001, #### P < 0.0001 compared to the normoxia group;
kP < 0.001, **** P < 0.0001 for comparisons among OGDR groups. Figure
reproduced and legend adapted from: (142)

DMT modulates cerebral expression of inflammation-related cytokine genes

following focal ischemia

To evaluate the potential anti-inflammatory effects of DMT in the post-ischemic
brain, we assessed cortical mRNA expression levels of key inflammatory mediators 25
hours after MCAO in two experimental groups (n = 8 per group). The selected targets
included three pro-inflammatory cytokines—interleukin-1f (IL-1f), interleukin-6 (IL-6),
and tumor necrosis factor-o (TNF-a)—as well as the anti-inflammatory cytokine
interleukin-10 (IL-10), measured bilaterally in both the peri-infarct and contralateral

cortices.

IL-1p mRNA expression was markedly downregulated in DMT-treated animals in
both the peri-infarct region (0.05 & 0.04 vs. 0.29 + 0.02, p = 0.0061) and the contralateral
hemisphere (0.06 = 0.05 vs. 0.38 = 0.22, p = 0.0015) (Fig. 16A). A similar bilateral
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suppression was observed for IL-6, with significantly reduced transcript levels in both
hemispheres (peri-infarct: 0.30 + 0.29 vs. 0.85 + 0.38, p = 0.0054; contralateral: 0.36 +
0.64 vs. 1.85 +0.51, p = 0.0001) (Fig. 16B).

TNF-a expression was significantly decreased in the contralateral cortex of DMT-
treated animals (0.490 = 0.08 vs. 1.45+0.21, p =.0007), whereas in the peri-infarct cortex
only a nonsignificant trend toward reduction was observed (0.58 = 0.15 vs. 0.80 = 0.14,
p =.2970) (Fig. 16C).

In contrast, IL-10 exhibited an opposing pattern: DMT treatment resulted in a
significant upregulation of IL-10 mRNA in the peri-infarct cortex (1.59 + 0.86 vs. 0.77 +
0.63, p =.0487), while in the contralateral cortex there was a nonsignificant trend toward

elevated expression (1.24 £0.71 vs. 0.63 + 0.61, p = .0854) (Fig. 16D).
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Fig. 16. Bilateral changes in inflammatory-regulator gene expression in the rat
frontal cortex following DMT treatment after MCAO

Individual mRNA expression levels for each animal are displayed, with grey triangles
representing the DMT-treated group (n = 8) and grey dots indicating controls (n = 8).
A: DMT administration resulted in significantly reduced IL-13 mRNA expression in
both the peri-infarct and contralateral cortices. B: A similar bilateral downregulation
was observed for IL-6 mRNA expression in the DMT-treated group. C: TNF-a
mRNA expression showed a decreasing trend in both hemispheres, but the reduction
reached statistical significance only in the contralateral cortex. D: A significant
upregulation of the anti-inflammatory cytokine IL-10 mRNA was detected in the
peri-infarct cortex of the DMT-treated animals; however, no significant difference

was found in the contralateral hemisphere. Bars represent mean + standard deviation.

Figure reproduced and legend adapted from: (141)

Initial assessment of circulating biomarkers—conducted without sigma-1 receptor
antagonist treatment and without sham-operated controls—suggests that DMT

exerts systemic anti-inflammatory effects.

To evaluate whether the transcriptional changes observed in the brain were reflected
systemically, we quantified serum protein concentrations of the same key cytokines 25
hours post-MCAO in the same cohorts of animals (n = 8 per group). In alignment with
the cortical mRNA data, serum levels of the pro-inflammatory cytokines IL-1p (53.88 +
20.12 pg/ml vs. 151.40 + 58.47 pg/ml, p = 0.0006), IL-6 (60.34 £+ 19.63 pg/ml vs. 255.4
+ 113.00 pg/ml, p = 0.0003), and TNF-a (57.88 £ 25.22 pg/ml vs. 183.0 = 69.65 pg/ml,
p = 0.0003) were all significantly reduced in the DMT-treated animals compared to
controls. In contrast, the concentration of the anti-inflammatory cytokine IL-10 was
markedly elevated following DMT administration (146.80 + 122.10 pg/ml vs. 21.31 +
3.01 pg/ml, p <0.0115) (Fig. 17A-D).
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Fig. 17. Systemic anti-inflammatory response induced by DMT treatment
following MCAO

Individual data points indicate serum protein concentrations in DMT-treated animals
(grey triangles, n = 8) and vehicle-treated controls (grey dots, n = 8). Panels A—C
show that serum levels of the pro-inflammatory cytokines IL-1, IL-6, and TNF-a
were significantly reduced in the DMT-treated group. Panel D demonstrates that the
serum concentration of the anti-inflammatory cytokine IL-10 exhibited considerable
variability but was significantly elevated in DMT-treated animals compared to
controls. Bars represent mean + standard deviation. Figure reproduced and legend

adapted from: (141)

Comprehensive assessment of DMT-induced increases in circulating biomarkers

including BD1063 treated and sham operated groups

Following cerebral ischemia, danger-associated molecular patterns (DAMPs) and
inflammatory cytokines released from the injured brain can traverse the compromised

blood—brain barrier (BBB), triggering peripheral innate immune responses (90). This
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peripheral activation drives a broad-spectrum inflammatory reaction aimed at

neutralizing potential threats through both humoral and cellular mechanisms (94).

To evaluate the systemic immune response associated with BBB breakdown and the
modulatory effect of DMT, we measured serum cytokine concentrations and included a
sham-operated control group for reference. Animals subjected to stroke exhibited
significantly increased serum levels of pro-inflammatory cytokines TNFa, IL-6, CXCL-
1, and CXCL-10 (Fig. 18A, C, E, F), along with a notable reduction in the anti-
inflammatory cytokine IL-10 (Fig. 18D), compared to sham controls. Treatment with
DMT significantly lowered circulating concentrations of TNFa, IL-1, IL-6, CXCL-1,
and CXCL-10, while simultaneously elevating IL-10 levels (Fig. 18A-F), indicating a
systemic anti-inflammatory effect. Co-administration of the sigma-1 receptor antagonist
BD1063 counteracted the anti inflammatory effect of DMT on TNFa, IL-1B, IL-6, and
IL-10 (Fig. 18A-D), but failed to reverse the DMT-induced changes in the chemokines
CXCL-1 and CXCL-10 (Fig. 18E-F).

To identify the cellular origin of inflammatory mediators in the circulation, gene
expression analyses were conducted on peripheral blood mononuclear cells (PBMCs).
Stroke induced a marked upregulation of TNFa, IL-6, CXCL-8, and CXCL-10 mRNA
expression compared to the sham group (Fig. 18G, I, K, L). DMT treatment normalized
these transcript levels, suggesting a suppressive effect on PBMC inflammatory activity.
In contrast, IL-10 gene expression in PBMCs was significantly lower in DMT-treated
animals than in both the sham and stroke groups (Fig. 18J), indicating that circulating IL-
10 may originate from sources other than PBMCs. Notably, IL-13 mRNA levels remained
unchanged across all experimental groups (Fig. 18H), further supporting the hypothesis
that PBMCs are not the principal contributors to serum IL-1p following stroke. The
addition of BD1063 did not reverse the transcriptional changes induced by DMT in
PBMCs (Fig. 18G-L), suggesting that these effects occur via sigma-1 receptor—

independent mechanisms.
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Fig. 18. The anti-inflammatory effects of DMT in a rat unilateral stroke model

A-F: Serum concentrations of cytokines TNFa, IL-1p, IL-6, IL-10, CXCL-1, CXCL-
10 were quantified using ELISA. G—L: Expression levels of TNFa, IL-18, IL-6, IL-
10, CXCL-8, and CXCL-10 mRNA in peripheral blood mononuclear cells (PBMCs)
were assessed via qPCR. All groups included n = 9 animals. Data are shown as mean
+ SD. Statistical analysis was performed using one-way ANOVA followed by
Bonferroni’s post hoc test. # P < 0.05, ## P < 0.01, ### P < 0.001, #### P < 0.0001:
comparison with the sham group; * P < 0.05, ** P < 0.01, *** P < 0.001, **** P <
0.0001: comparisons among stroke groups. Figure reproduced and legend adapted

from: (142)

DMT attenuates microglial activation following stroke

Microglial activation after cerebral ischemia is marked by distinct morphological
alterations, including reduced branching, retracted processes, and enlarged cell bodies.
Functionally, microglia display a predominantly pro-inflammatory phenotype during the
first post-stroke week, which gradually shifts toward pro-repair roles. Nonetheless,
microglia exhibit substantial heterogeneity, with cells of differing morphology and

function coexisting throughout the timeline of injury (151, 160).

To examine the effect of DMT on post-stroke microglial activation, we performed
IBA1 immunohistochemistry, evaluating both signal intensity (Fig. 19A) and
morphological changes (Fig. 19C). A significant increase in IBA1 fluorescence intensity
was observed in the ipsilateral hemisphere compared to the contralateral side in all
experimental groups. DMT treatment did not influence IBA1 signal intensity, which
reached the highest values in the DMT+BD1063 co-treated animals (Fig. 19B). In
cultured glial cells, OGDR similarly elevated IBA1 staining in microglia, which was

significantly reduced by DMT and reversed by BD1063 (Fig. 14C).

To further characterize microglial activation, we conducted quantitative
morphometric analysis on individual microglia from peri-infarct regions, assessing
parameters such as fractal dimension, lacunarity, density, span ratio, maximum span
across hull, area, perimeter, circularity, maximum-to-minimum radius, and mean radius.

Based on this multidimensional dataset, three distinct microglial clusters were defined:
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Cluster 0 encompassed highly ramified, homeostatic microglia involved in environmental
surveillance; Cluster 1 represented intermediately ramified, reactive microglia; and
Cluster 2 included the least ramified, highly activated microglia characteristic of injury

response (Fig. 19C).

In the contralateral hemisphere, Cluster 0 microglia predominated in all groups, with
a smaller proportion of Cluster 1 cells also present (Fig. 20). Focal ischemia led to a
prominent shift in microglial phenotype on the injured side, with a predominance of
Cluster 2 cells and fewer Cluster 1 cells, while Cluster 0 microglia were nearly absent.
DMT treatment mitigated this shift, resulting in a greater representation of Cluster 0 and
1 microglia and a reduced proportion of Cluster 2 cells. In contrast, animals co-treated
with BD1063 exhibited a cluster distribution similar to the stroke-only group, indicating
that the protective effect of DMT on microglial morphology was mediated through sigma-
1 receptor signaling (Fig. 19D).
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Fig. 19. DMT preserves microglial morphology in a rat model of unilateral
stroke

A: Representative IBA1 immunofluorescent images of microglial cells in brain
sections across all experimental groups. B: Quantitative analysis of IBAI
immunofluorescence intensity. n = 5—15 images per group; values are shown as
mean £ SD. Statistical analysis: one-way ANOVA followed by Bonferroni’s post
hoc test. ## P < 0.01, #### P < 0.0001 versus the control hemisphere; ** P < 0.01
versus the stroke + DMT group. C: Representative images illustrating IBA 1-positive
microglial cell morphology in each experimental condition. D: Proportional
distribution of microglial morphological phenotypes: highly ramified, homeostatic
(cluster 0, gray); moderately ramified, intermediate (cluster 1, green); and minimally
ramified, reactive (cluster 2, black). Data represent analyses from n = 5 animals per
group; 10 images per hemisphere per animal; a total of 553 cells per group were

evaluated. Figure reproduced and legend adapted from: (142)
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Fig. 20. Microglial morphology on the contralateral side in each experimental
group revealed by IBA1 immunostaining

Representative IBA1-immunolabeled images show microglial cells in cortical brain
sections on the uninjured hemisphere of rats subjected to experimental stroke. The
examined groups include stroke, stroke + DMT, and stroke + DMT + BD1063. Based
on morphological analysis, microglia were categorized into two clusters: cluster 0
(gray), consisting of highly ramified, homeostatic microglia; and cluster 1 (green),
representing moderately ramified microglia responsive to subtle environmental
changes. Across all experimental groups, cluster 0 microglia accounted for more than
80% of cells observed in the contralateral cortex. Figure reproduced and legend

adapted from: (142)

S1R is expressed in neurons and microglia in the peri-infarct cortex

Consistent with previous findings (163), robust immunoreactivity for the sigma-1
receptor (S1R) was observed in the peri-infarct cortex following MCAQO. Double
immunofluorescence labeling revealed that SIR was co-localized with both the neuron-

specific marker MAP-2 and the microglia-specific marker IBA-1 across all examined

animals, confirming its expression in these cell types within the injured cortical region

(Fig. 21).
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Fig. 21. Demonstration of S1R expression in the peri-infarct cortex following
DMT treatment, and its co-localization with neuronal and microglial markers

A: Increased anti-S1R immunoreactivity (1:200) was detected in the peri-infarct
cortex, while no labeling was observed within the infarct core. The localization of the
immunostaining corresponded to the lesion border, as delineated by the dotted line.
Scale bar = 500 um. B and C: Dual immunofluorescence revealed S1R (1:500) as
red puncta, whereas neurons were identified using MAP-2 (1:200) (B) and microglia
using IBA-1 (1:100) (C), both shown in green fluorescence. Insets from high-

magnification images demonstrate clear co-localization of SIR with both neuronal

and microglial markers. Figure reproduced and legend adapted from: (141)

Decreased apoptosis following DMT treatment

Twenty-five hours after MCAO, a significant downregulation in APAFI mRNA
expression—an essential regulator of the intrinsic apoptotic pathway—was observed in
DMT-treated animals (n = 8) compared to controls (n = 8), both in the peri-infarct cortex
(0.12 £ 0.02 vs. 0.22 + 0.19, p = 0.0357) and in the corresponding contralateral region
(0.02 +£0.04 vs. 0.37 £ 0.02, p = 0.0011) (Fig. 22A). These transcriptional findings were
paralleled by serum protein measurements: circulating APAF1 levels were markedly
reduced in the DMT group compared to vehicle-treated controls (0.79 + 0.98 ng/ml vs.
6.72 £ 2.03 ng/ml, p <0.0001) (Fig. 22B).
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Fig. 22. DMT-induced reduction in cortical APAF1 mRNA expression and
serum protein concentration following MCAO

Individual APAF1 mRNA expression values and serum protein concentrations are
displayed for DMT-treated animals (grey triangles, n = 8) and controls (grey dots, n
= 8). A: DMT administration resulted in a significant decrease in APAF1 mRNA
levels in both the peri-infarct and contralateral cortices. B: Similarly, serum APAF1
protein concentrations were markedly lower in the DMT-treated group. Bars

represent mean + SD. Figure reproduced and legend adapted from: (141)

Preliminary analysis of neurotrophic factor levels in the cortex and serum, without

sigma-1 receptor antagonist treatment or sham-operated controls

The mRNA expression of brain-derived neurotrophic factor (BDNF), a key molecule
involved in neuroregeneration and synaptic plasticity, was found to be significantly
elevated in both the peri-infarct region (0.009 + 0.002 vs. 0.006 = 0.002, p = 0.0273) and
the contralateral cortex (0.011 + 0.007 vs. 0.003 £+ 0.002, p = 0.0048) of DMT-treated
animals compared to vehicle-treated controls (n = 8 per group). Correspondingly, the
circulating levels of BDNF protein were markedly increased in the DMT group (127.70
+46.16 pg/ml vs. 27.66 £+ 6.41 pg/ml, p <0.0001) (Fig. 23A-B).
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Fig. 23. DMT-induced changes in cortical BDNF expression and serum protein
levels following MCAO.

Panel A shows a bilateral upregulation of BDNF mRNA expression in the cortex
following DMT treatment. In panel B, serum BDNF protein levels are significantly
elevated in the DMT-treated group compared to controls. Bars represent mean +

standard deviation. Figure reproduced and legend adapted from: (141)

Assessment of serum neurotrophic factor levels, including sigma-1 receptor

antagonist—treated and sham-operated control groups

Serum levels of the neurotrophin BDNF were significantly higher in DMT-treated
animals compared to vehicle-treated controls. This DMT-induced elevation in BDNF was
abolished by BD1063, implicating the involvement of sigma-1 receptor signaling (Fig.
24).
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Fig. 24. Serum levels of the neurotrophic factor BDNF quantified by ELISA in
rats 24 hours after stroke

All groups included n =9 animals. Data are shown as mean + SD. Statistical analysis
was performed using one-way ANOVA followed by Bonferroni’s post hoc test. ###
P < 0.001: comparison with the sham group; *** P < 0.001: comparisons among

stroke groups. Figure reproduced and legend adapted from: (142)
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Improved motor function following DMT treatment

To evaluate functional recovery, staircase testing was conducted in two experimental
groups (n = 8 per group) after successful pre-training. Animals receiving DMT treatment
for 24 hours exhibited significantly improved motor performance of the left forelimb
compared to untreated controls. Statistically significant differences between the groups
emerged by postoperative day 4 (2.1 + 0.9 pellets vs. 0 = 0.0 pellets, p = 0.0325), and this
divergence became more pronounced by the final assessment on day 30 (6.3 + 3.5 pellets
vs. 1.6 = 3.1 pellets, p = 0.0084) (Fig. 25A). Notably, no differences were observed
between groups in the performance of the right forelimb (Fig. 25B).
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Fig. 25. The effect of DMT on motor function recovery

A: The outcomes of the serial staircase test demonstrate a marked divergence in
motor recovery between the experimental groups, specifically in the affected (left)
forelimb. From postoperative day 4 onward, rats receiving DMT treatment (line with
squares) exhibited significantly improved performance, retrieving a greater number
of food pellets with their left forelimb compared to the control group (line with dots)
B: In contrast, no inter-group difference was observed in right forelimb function
throughout the study period. Bars indicate the standard error of the mean. Figure

reproduced and legend adapted from: (141)
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5. Discussion

Despite decades of intensive investigation, translating neuroprotective strategies into
effective clinical treatments for ischemic stroke remains a major challenge. Beyond direct
neuronal damage, ischemia initiates a cascade of spatially and temporally well-
characterized events, including prompt activation of microglia, endothelial cells,
pericytes, and glial cells, release of proinflammatory mediators initiating and maintaining
neuroinflammation with subsequent opening of the blood—brain barrier (6, 7). The
resulting albumin extravasation and the wave of peripherial white blood cell infiltration
further compromise BBB integrity, escalalting neuroinflammation and secondary lesion

expansion (4, 8, 9).

Cells of the . .
neurovascular unit (N\VU) | Physiological

@@ endothelial cell
. pericyte

astrocyte

microglia

neuron

‘ erythrocyte
@ PBMC

=] soluble NVU proteins
O @ (CLDN5, MMP9, GFAP)
AQP4
O inflammatory cytokines
® (TNF-q,IL-1B,IL-6) and
chemokines

@ anti-inflammatory
cytokine (IL-10)

BDNF
increase by DMT

inhibition by DMT Pathological

4 =e

72



Fig. 26. BBB changes in stroke and the protective effects of DMT

Schematic representation of the neurovascular unit (NVU) in physiological
condition and in stroke. Arrows and inhibition signs (cyan) show the effect of the
DMT in pathological condition. In stroke tight junctions (red line between brain
endothelial cells) are disrupted and CLDNS tight junction protein is decreased, in
the blood soluble neurovascular unit proteins appear, the level of the inflammatory
cytokines increases and that of anti-inflammatory cytokines decreases. In the brain
the morphology of microglia changes, the ratio of less ramified microglia cells
increases, the AQP4 distribution changes and the level of inflammatory cytokines
increases. DMT decreases the level of soluble CLDNS, MMP9 and GFAP proteins
and inhibits inflammatory cytokines in the blood, while it increases the level of
BDNF and the anti-inflammatory cytokine IL-10. In the brain DMT inhibits the
morphological changes in microglia, the redistribution of AQP4 in astroglia and
decreases proinflammatory cytokine production. Abbreviations: AQP4 aquaporin-4;
BDNF, brain-derived neurotrophic factor; CLDNS, claudin-5; GFAP, glial fibrillary
acidic protein;, MMP9, matrix metalloproteinase-9; PBMC, peripheral blood

mononuclear cell. Figure reproduced and legend adapted from: (142)

Based on the accumulated evidence regarding DMT and sigma-1 receptor signaling,
our research group was the first to evaluate the in vivo cytoprotective effects of DMT in

the context of cerebral ischemia—reperfusion injury.

Our findings demonstrate that continuous DMT administration, initiated at the time
of reperfusion, significantly reduces ischemic brain injury in rats. Histological analysis
revealed that infarct core volume was reduced in DMT-treated animals compared to
controls. To validate the histological measurements, magnetic resonance imaging (MRI)
was performed 24 hours post-occlusion. T2-weighted scans confirmed the
neuroprotective effect of DMT, revealing smaller hyperintense areas corresponding to
infarct volume in the treated group. Drawing on earlier in vitro data, we hypothesized that
S1R may be a relevant mediator of DMT's neuroprotective action (132). To determine
whether this effect was indeed mediated by S1R activation, a group of animals was co-
treated with the S1R antagonist BD-1063 alongside DMT. These animals exhibited

significantly larger infarct volumes than those receiving DMT alone, comparable to
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untreated controls, confirming that the neuroprotective action of DMT is S1R—dependent.
These findings are consistent with earlier in vitro studies demonstrating the cytoprotective
properties of DMT under hypoxic conditions (132, 164) and in a rat model of renal

ischemia—reperfusion injury (165).

To gain insight into the mechanisms underlying DMT’s neuroprotective effects, we
investigated four key processes involved in post-stroke pathology: BBB integrity,

apoptosis, inflammation, and neuroplasticity.

BBB integrity is regarded as a key therapeutic target in stroke, with various
protective molecules and approaches being extensively studied (166). In our experiment,
DMT treatment led to a marked reduction of edema in post-stroke histological brain
sections, which was accompanied by a significant attenuation of FITC-albumin leakage
into both the brain parenchyma and cerebrospinal fluid. The observed reduction in edema
and FITC—-albumin leakage suggests that DMT’s effects are related as much to stabilizing
the BBB as to providing direct neuroprotection. To further validate the in vivo findings
on BBB protection, we employed an in vitro co-culture BBB model subjected to oxygen—
glucose deprivation and reoxygenation (OGDR). DMT treatment significantly reduced
the elevated albumin flux across the barrier observed after OGDR, indicating a protective
effect on the transcellular pathway and improved BBB integrity under hypoxic conditions
compared to controls. While not reaching statistical significance, changes in the
paracellular pathway—specifically in the transendothelial electrical resistance and
fluorescein permeability—showed a noticeable trend. Additionally, DMT preserved
endothelial cell viability, as demonstrated by metabolic activity assays, although it did
not restore function in pericytes, which remained highly vulnerable to OGDR—consistent
with earlier reports (158, 167). Given that brain endothelial cells are central components
of the neurovascular unit and play a primary role in maintaining BBB integrity we
analyzed the transcriptomic profile of brain endothelial cells following OGDR and found
substantial changes in gene expression linked to cellular stress, extracellular matrix
remodeling, and cell proliferation. In contrast, DMT treatment induced only modest
transcriptional changes. A limited subset of genes related to inflammation sensing, anti-
inflammatory signaling, and glucose metabolism was affected, suggesting that while

DMT influences anti-inflammatory gene expression in endothelial cells, these may not
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represent its primary cellular target. Notably, these effects were not reversed by BD-1063,

suggesting a S1R—independent mechanism of endothelial gene regulation.

CLDNS5 immunostaining both in vivo and in vitro revealed that tight junction
integrity was compromised under stroke-like conditions but preserved in DMT-treated
groups, with a statistically significant effect observed in histological brain sections and a
non-significant trend in cell cultures. Correspondingly, DMT treatment reduced serum
levels of the soluble neurovascular unit markers CLDNS5 and GFAP, indicating improved
blood-brain barrier stability. The clinical relevance of this observation lies in the fact that
lower serum levels of BBB markers in the acute phase of stroke have been associated

with better long-term outcomes (22, 43, 162).

Stroke-associated edema, a clinically important phenomenon, was reduced by DMT
treatment as revealed by histological analysis. This effect may be attributable to the
attenuation of stroke-induced increase in AQP4 staining intensity and redistribution—
indicative of astrocyte cytotoxic swelling (15-17)—observed in DMT-treated animals.
GFAP intensity, a marker of astrocytic activation assessed by immunohistochemistry,
was also significantly reduced by DMT treatment in the cell culture model, although it
was not significantly altered in vivo in rat brain histological sections. The observed
reduction in lesion volume and edema, together with preserved BBB integrity, supports

the therapeutic potential of DMT as a BBB-protective agent.

Inflammation, a major contributor to secondary neuronal injury following stroke
(4-9), was also modulated by DMT. Microglial activation, a well-documented feature of
early stroke pathology (6), is characterized by morphological transformation and rapid
production of proinflammatory cytokines and matrix metalloproteinase-9 (MMP-9)
within hours of ischemia playing a central role in the initiation and maintenance of
neuroinflammation (69, 72, 73, 168, 169). DMT preserved the highly ramified,
homeostatic morphology of microglia, preventing their transition to a reactive, amoeboid

phenotype.

In the pathomechanism of stroke, damage-associated molecular patterns (DAMPs),
cytokines, and chemokines released from the brain cross the compromised blood-brain
and blood—CSF barriers, where they interact with the peripheral immune system and

activate systemic immunity (91, 92). Peripheral innate immune cells are rapidly activated
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through leukocyte pattern recognition receptors (91), leading to profound changes in their
gene expression profiles, particularly those involved in activation and differentiation
(109, 110). This is followed by an increased production of inflammatory mediators and
elevated serum cytokine levels within hours after ischemia (94, 95). This cascade leads
to a wave of peripheral immune cells invading the infarcted area, exacerbating
neuroinflammation and causing secondary lesion expansion. A series of clinical data
supports the fact that the extent of the activation of the peripheral immune system is
related to brain infarct volume, stroke severity, and long-term outcomes (97-102).
Suppression of the peripheral inflammatory response after stroke—alongside the
inhibition of microglia in the central nervous system—was also observed following DMT
treatment. In PBMCs, mRNA expression of proinflammatory cytokines (except IL-1p)
and chemokines was markedly downregulated in response to DMT. The mitigation of
both microglial and peripheral immune activation may be causally related to the finding
that DMT significantly attenuated the stroke-induced elevation of serum MMP-9, a key
mediator of BBB disruption and neuroinflammation (61, 62). Notably, lower MMP-9
levels have been associated with better long-term outcomes in clinical observations (63-
68, 170). Furthermore, cortical mRNA expression and serum levels of the
proinflammatory cytokines IL-1p, IL-6, and TNF-a were markedly reduced following
DMT administration (although the reduction in cortical TNF-o mRNA did not reach
statistical significance). These anti-inflammatory effects were reproducible in vitro. In
the co-culture BBB model, cytokine assays demonstrated that DMT suppressed OGDR-
induced secretion of TNF-qa, IL-1B, and IL-6 in a S1R—dependent manner, with more
pronounced effects observed in the abluminal compartment—Iikely reflecting the
contribution of microglia, astrocytes, and pericytes (161). In addition, DMT significantly
reduced serum levels of the chemokines CXCL-1 and CXCL-10, while simultaneously
increasing both cortical mRNA and serum concentrations of the anti-inflammatory
cytokine IL-10, which is of known clinical significance, as decreased serum IL-10 levels
in stroke patients have been independently associated with neurological worsening (107)

and poor functional recovery (108).

Apoptosis, as reflected by the expression of APAF1—a central mediator of
mitochondria-mediated cell death (171)—was significantly decreased in the cortex of

DMT-treated animals, and circulating APAF1 protein levels were likewise reduced,
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suggesting attenuation of apoptotic signaling, which possibly contributes to the observed

cytoprotective effects.

Neuroplasticity: From a clinical perspective, one of the most relevant findings of
our study relates to enhanced neuroplasticity after DMT treatment, as evidenced by the
improved motor function recovery observed in DMT-treated animals during the 30-day
post-stroke period, assessed through forelimb functional testing. This sustained recovery
suggests that DMT may not only mitigate acute neuronal injury but also support long-
term neurological repair. This effect was accompanied by increased cerebral BDNF
mRNA expression and elevated serum BDNF protein levels in a sigma-1 receptor-
dependent manner, indicating a robust neurotrophic response. BDNF is an essential
promoter of synaptogenesis and neuronal viability (172). Clinical data indicate that higher
serum BDNF levels are associated with a more favorable prognosis (173) and a reduced
risk of post-stroke cognitive impairment (174). These findings are consistent with
previous reports linking S1R activation to enhanced BDNF expression following cerebral

ischemia (175).

These results have led to the launch of a phase 1 clinical trial (NCT05559931)
investigating the safety and pharmacokinetics of single and repeated intravenous doses of
DMT in healthy individuals, and to the preparation of a phase 2 trial aimed at evaluating
DMT’s ability to enhance neuroplasticity and support long-term recovery in patients after

acute stroke.

The observation that some effects of DMT are dependent on SIR activation while
others are not, highlights the complexity of its mechanism of action. Co-administration
of BD-1063 successfully inhibited several key effects of DMT, including infarct volume
reduction, suppression of inflammatory cytokines in vivo and in vitro, elevation of serum
BDNF, reduction of serum GFAP levels, attenuation of CLDN5 and AQP4
immunoreactivity, and preservation of ramified microglial morphology. In contrast,
parameters such as in vitro albumin permeability, serum levels of chemokines, MMP-9
and CLDN5, PBMC gene expression, and endothelial transcriptomic profiles were
unaffected by BD-1063. These findings indicate that DMT exerts its neuroprotective
effects through multiple, partially overlapping mechanisms, involving both S1R—

dependent and —independent pathways. Notably, previous studies have reported that not
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only SIR agonists such as PRE-084 (176) but also antagonists like E-52862 (177) may
confer neuroprotection in ischemic stroke models. This underscores the pharmacological
complexity of the sigma-1 receptor and highlights the need for further research to
elucidate the distinct and potentially overlapping actions of its ligands (178).

Key limitations should be noted. First, our in vivo experiments were conducted
exclusively in young, healthy male Wistar rats; thus, translatability to the typical clinical
stroke population—older patients with multiple comorbidities and concomitant
medications—may be limited, and future studies should test DMT in
pathological/comorbidity-enriched models, especially given the intention to progress
toward phase 2 evaluation. Moreover, for standardization we used only male animals in
the in vivo experiments; although our in vitro work included endothelial cells derived
from both male and female donors, sex-specific effects cannot be excluded. Given
reported sexual dimorphism in Sigma-1 receptor—related and serotonergic signaling, the
magnitude of DMT’s effects may differ in females. With the current sample size and the
substantial variability in stroke lesion volumes, detecting robust sex differences was not
feasible at this stage; however, after clarifying the contribution of serotonin receptors,
dedicated sex-stratified in vivo studies will be an important next step. Second, although
endogenous DMT is measurable in rodents and may reach neurotransmitter-like brain
concentrations after ischemia, direct, validated detection in human brain tissue is
currently lacking; in humans, evidence is indirect, based on detection in body fluids and
on the presence of the key biosynthetic enzyme INMT in the brain. Third, the DMT dose
used here likely induce a transient, non-negligible increase in blood pressure, which could
theoretically augment the risk of hemorrhagic transformation—particularly after
reperfusion—yet our study did not include targeted hemodynamic monitoring.

Translational feasibility: From a translational perspective, DMT appears most
realistically positioned as a prehospital, MAO-inhibitor—free, slow intravenous infusion
that can be started rapidly, titrated, and stopped immediately, without delaying
thrombolysis or thrombectomy. Phase I human data suggest that prolonged sub-
psychedelic infusion regimens are generally well tolerated with minimal perceptual
effects, whereas the dose used in our animal experiments is clearly psychedelic,
underscoring the need for clinically feasible dosing strategies rather than receptor

blockade: although hallucinations could be attenuated with 5-HT2A antagonism, this may
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also blunt 5-HT2A-dependent plasticity, and DMT’s actions likely emerge from its broad,
multi-receptor profile and coordinated effects within the CNS microenvironment
(neurons, astrocytes, microglia, progenitors, infiltrating leukocytes). Its rapid blood—brain
barrier penetration and short half-life make it an attractive “bridging” therapy aimed at
slowing penumbral decay and potentially extending the treatment window, while not
interfering with reperfusion therapies (it is neither anticoagulant nor antiaggregant).
Importantly, drug delivery to the infarct core will be limited by no-flow, whereas the
penumbra should remain accessible via collateral circulation; therefore, further
preclinical work in permanent occlusion and hemorrhagic stroke models is warranted to
reflect real-world diagnostic uncertainty and to better define safety and efficacy in

clinically relevant scenarios.
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6. Conclusion

Stroke-induced damage is a dynamic process that directly affects elements of the
neurovascular unit, leading to the breakdown of the functional blood-brain barrier and
resulting in the exacerbation of inflammation, edema, and secondary injury (179).

Our study demonstrates that DMT exerts a neuroprotective effect in rats following
focal cerebral infarction, as evidenced by reduced infarct and edema volumes, and
promotes neuroplasticity, as indicated by improved long-term functional recovery.
Administration of DMT at the time of reperfusion exerts a protective effect on BBB
structure and function, suppresses both central and peripheral immune responses, and
downregulates apoptosis-related signaling. These effects are mediated through both
sigma-1 receptor—dependent and —independent mechanisms, involving multiple cell types
across the neurovascular unit.

Identifying treatments that protect not only neurons but also preserve BBB
integrity—a key factor in secondary lesion expansion—is critical for improving stroke
outcomes. Considering the endogenous nature of DMT and its strong receptor affinity in
the human brain, DMT may hold significant potential to complement current standard

stroke therapies.
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7. Summary

Stroke-induced brain injury is a complex and dynamic process that disrupts the
structural and functional integrity of the neurovascular unit and leads to increased blood—
brain barrier (BBB) permeability. This pathomechanism plays a key role in amplifying
the inflammatory response, promoting edema formation, and driving the progression of
lesion size. The clinical applicability of current therapeutic options—intravenous
thrombolysis and mechanical thrombectomy—is limited; therefore, identifying adjunct
neuroprotective strategies is of major importance.

The endogenous compound N,N-dimethyltryptamine (DMT) rapidly crosses the
BBB and binds with high affinity to multiple receptor systems, including the sigma-1
receptor (S1R). Given that SIR modulation has been shown to enhance cellular stress
tolerance and support pro-survival mechanisms, the aim of our study was to determine
whether DMT can reduce the extent of ischemic brain injury and, if so, through which
receptor pathways.In a rat transient middle cerebral artery occlusion model, DMT
administered at reperfusion significantly reduced infarct and edema size and mitigated
BBB damage. In a complementary in vitro BBB model, DMT improved endothelial cell
viability and attenuated ischemia-induced albumin permeability. In addition, treatment
inhibited stroke-induced local microglial activation and the peripheral immune response,
and reduced the production of pro-inflammatory cytokines and chemokines. During 30-
day functional follow-up, DMT-treated animals demonstrated enhanced motor recovery,
accompanied by increased BDNF levels measured in the cerebral cortex and in serum.

Overall, our findings suggest that the neuroprotective effect of DMT is mediated
through preservation of BBB structure and function, attenuation of neuroinflammation
and apoptosis-related signaling, and promotion of neuroplasticity. These mechanisms
proceed via both sigma-1 receptor—dependent and —independent pathways, with
integrated involvement of multiple cell types within the neurovascular unit. Owing to its
endogenous nature and receptor affinity in the human brain, DMT may represent a

promising therapeutic candidate to complement current standard stroke treatments.
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Osszefoglalas

A stroke altal kivaltott agykarosodas komplex és dinamikus folyamat, amely a
neurovaszkuldris egység strukturalis és funkciondlis integritdsanak megbomlésaval jar,
¢s a vér—agy gat permeabilitasanak fokozddasahoz vezet. Ez a patomechanizmus
kulcsszerepet jatszik a gyulladasos valasz felerésitésében, az 6déma kialakulasaban ¢és a
1€zi6 méretének progresszidjaban. A jelenlegi terapids lehetdségek — intravénds
trombolizis és mechanikus trombektdmia — klinikai alkalmazhatosaga korlatozott, ezért a
kiegészitd neuroprotektiv stratégidk azonositasa kiemelt jelentdséggel bir.

Az endogén eredetli N,N-dimetiltriptamin (DMT) gyorsan atjut a vér—agy gaton,
¢és tobb receptorrendszerhez, koztiik a szigma-1 receptorhoz (S1R) is nagy affinitassal
kotddik. Tekintettel arra, hogy az SIR modulacidja bizonyitottan fokozza a sejtek
stressztolerancidjat és eldsegiti a talélési mechanizmusokat, vizsgdlatunk célja annak
meghatdrozasa volt, hogy a DMT képes-e csokkenteni az iszkémids agykarosodas
mértékét, és ha igen, mely receptortitvonalakon keresztiil.

Patkany tranziens a. cerebri media-okklizios modellben a reperfiizié mellett adott
DMT szignifikansan mérsékelte az infarktus- és 6démaméretet, valamint csokkentette a
vér—agy gat karosodasit. Komplementer, vér-agy gatat modellez6 in vitro
sejttenyészetben a DMT javitotta az endotélsejtek életképességét és mérsékelte az
iszkémia okozta albumin-permeabilitast. Ezen tilmenden a kezelés gatolta a stroke altal
kivaltott lokalis mikroglia-aktivaciot és a periférids immunvalaszt, valamint mérsékelte a
proinflammatorikus citokinek ¢és kemokinek termelddését. 30 napos funkcionalis
utankdvetés soran a DMT-vel kezelt allatok fokozott motoros regeneracidt mutattak,
amelyet az agykéregben ¢€s a szérumban mért emelkedett BDNF-szint kisért.

Eredményeink dsszességében arra utalnak, hogy a DMT neuroprotektiv hatasa a
vér—agy gat strukturajanak és funkcidjanak megdrzésén, a neuroinflammacid és az
apoptotikus jelatvitel mérséklésén, valamint a neuroplaszticitas eldsegitésén keresztiil
valdosul meg. E mechanizmusok részben szigma-1 receptor-fiiggd, részben attol fliggetlen
utvonalakon keresztiil mennek végbe, a neurovaszkularis egység tobb sejttipusdnak
integralt részvételével. Endogén jellegébdl és az emberi agyban meglévd receptor-
affinitasabol fakadéan a DMT igéretes terapias potencialt képviselhet a jelenlegi standard

stroke-kezelések kiegészitésére.
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