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Abstract
Cerebral edema and neurovascular dysfunction are reliable predictors of outcome after acute ischemic stroke (AIS), 
yet effective targeted therapies remain limited. We investigated the therapeutic potential of trifluoperazine (TFP), 
an FDA-approved antipsychotic and calmodulin inhibitor that modulates astrocytic aquaporin-4 expression. TFP 
administered after recanalization in a mouse model of AIS reduced infarct volume and improved early neurological 
recovery. Importantly, TFP restored neurovascular coupling and enhanced cerebral blood flow responses to 
spreading depolarizations, indicating improved cerebrovascular function. Mechanistic studies in acute brain slice 
preparations demonstrated that TFP attenuates cytotoxic tissue swelling, suppresses spreading depolarizations, 
reduces aquaporin-4 expression and preserves neuronal integrity under osmotic stress. These findings suggest that 
transient modulation of astrocytic cytotoxic edema and vascular reactivity represents a viable strategy to improve 
early stroke outcomes. Given its established clinical use, TFP emerges as a promising candidate for therapeutic 
repurposing in AIS.
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Introduction

Acute ischemic stroke (AIS) remains a serious health con-
cern, as its incidence, mortality, and associated disability 
have lately risen substantially worldwide.1 On top of the pri-
mary impact caused by the obstruction of a cerebral blood 
vessel, ATP depletion during AIS triggers a cascade of sec-
ondary pathophysiological processes that occur concur-
rently with or following the primary occlusion. Among the 
various comorbid complications of AIS, cerebral edema is a 
key prognostic indicator of injury progression and unfavora-
ble outcome in stroke patients.2 Indeed, the evolution of cer-
ebral edema correlates strongly with infarct expansion,3 and 
the stroke-related mortality rate rises to approximately 80% 
when malignant brain edema develops.4

Currently available hyperosmotic treatments (e.g. bolus 
hypertonic saline or mannitol)5 can exert adverse effects, 
such as acute hypotension, electrolyte imbalances,6 
endothelial dysfunction, and disruption of the blood–brain 
barrier (BBB).7 Moreover, conventional interventions are 
typically reactive rather than preventive. Importantly, 
these therapies mainly target vasogenic edema (the move-
ment of water from the vascular network into the brain 
parenchyma) rather than cytotoxic edema (the influx of 
water into cells from the interstitium), despite evidence 
that cytotoxic edema is an early event following brain 
injury, precedes vasogenic edema, and promotes its subse-
quent formation.8,9

Alternative, more targeted anti-edema therapies may 
focus on aquaporin-4 (AQP4) water channels, which are 
abundantly expressed in astrocytes throughout the brain.10 
AQP4 expression is especially prominent at astrocytic 
perivascular endfeet, where the channels mediate osmoti-
cally driven, bidirectional water movement between the 
bloodstream or cerebrospinal fluid in perivascular spaces 
and the brain parenchyma.11–13 AQP4 plays a central role 
in the development of cytotoxic edema, as demonstrated 
by studies in AQP4 knockout mice, in which ischemia-
induced brain swelling was reduced by approximately 
35% compared with wild-type controls.14 For these rea-
sons, pharmacological modulation of AQP4 has emerged 
as a promising strategy to limit brain edema formation by 
restricting pathological water influx. AQP4 is an espe-
cially attractive target for cytotoxic edema reduction 
because its water transport function is closely linked to the 
spatial buffering of K+ that accumulates in ischemic brain 
tissue11 and may be upregulated by inflammatory media-
tors, such as interleukins released after ischemia.15 
Furthermore, the efficacy of transmembrane water flux is 
enhanced when AQP4 physically co-assembles with cation 
channels in lipid rafts at the astrocyte membrane.16 
Notably, the sulfonylurea receptor 1 (SUR1)-transient 
receptor potential melastatin 4 (TRPM4)–AQP4 complex 
has been identified as a major route of bulk water influx 
driving astrocyte swelling.17

Direct pharmacological blockade of AQP4, however, 
may be counterproductive, because AQP4 contributes not 
only to cytotoxic edema formation but also to edema reso-
lution.18 As an alternative approach, reversible modulation 
of AQP4 subcellular localization focused on the hypera-
cute phase of injury, rather than pore blockade, has been 
proposed. This concept is supported by observations show-
ing that both AQP4 expression and its membrane distribu-
tion are altered in astrocytes exposed to hypotonic stress 
and in the mouse cortex following acute brain injury.19,20 
In primary cortical astrocyte cultures, exposure to hypo-
tonic conditions or mechanical impact increased the relo-
cation of AQP4 from intracellular vesicles to the plasma 
membrane.20,21 These findings suggest that AQP4 becomes 
more abundant on the astrocyte surface during acute injury 
and contributes to edema formation. Therefore, inhibiting 
AQP4 translocation to astrocytic endfeet during the hyper-
acute phase of AIS may prove beneficial.

The translocation of AQP4 from intracellular vesicles 
to the plasma membrane has been linked to increases in 
intracellular Ca2+ concentration and the activation of 
Ca2+-dependent calmodulin.18 Notably, AQP4 transloca-
tion to the astrocytic membrane was inhibited by trifluop-
erazine (TFP), a calmodulin antagonist and, importantly, 
an FDA-approved antipsychotic agent.22 Furthermore, 
TFP administration reduced edema formation and 
improved functional outcomes in a rodent model of spinal 
cord injury.22 Collectively, these findings suggest that 
pharmacological inhibition of AQP4 translocation to the 
astrocyte surface may represent a novel therapeutic 
approach for mitigating cerebral edema.16

Building on these lines of evidence, we hypothesized 
that TFP administration during the early phase of AIS 
could inhibit cytotoxic edema formation, limit infarct 
maturation, and improve functional recovery. To test this 
hypothesis, we administered TFP in a filament middle 
cerebral artery occlusion (MCAO) model in mice and 
assessed infarct size, edema formation and blood–brain 
barrier leakage using MRI and SPECT, evaluated neuro-
logical outcomes, and examined neurovascular coupling 
with somatosensory stimulation. Additionally, we inves-
tigated the brain’s susceptibility to spreading depolariza-
tions (SDs), electrophysiological events that occur in 
ischemic tissue and are thought to exacerbate infarct 
maturation in acute brain injury, including AIS.23 The 
evolution of SD is confirmed to mediate the progression 
of cytotoxic edema formation after acute brain injury.24 
Importantly, SDs and the coupled cerebral blood flow 
(CBF) response also provided an opportunity to study 
neurovascular coupling. Finally, we extended our in vivo 
findings to acute, osmotically challenged brain slice 
preparations to validate TFP’s anti-edema efficacy and to 
further characterize its mechanistic effects in a controlled 
ex vivo experimental system.
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Materials and methods

Animals

Adult male C57BL/6 mice (Charles River Laboratories; 
4–4.5 months old; weighing 26.83 ± 3.91 g) from the hus-
bandry facility of the Biological Research Centre, Szeged, 
Hungary, were used in this study. All experimental proce-
dures were approved by the National Food Chain Safety 
and Animal Health Directorate of Csongrád County, 
Hungary (ref. no. II./1234/2025) and conducted in strict 
accordance with its guidelines and those of the Scientific 
Committee of Animal Experimentation of the Hungarian 
Academy of Sciences (updated Law and Regulations on 
Animal Protection: 40/2013 (II. 14.) Gov. of Hungary), 
following EU Directive 2010/63/EU on the protection of 
experimental animals. The study adhered to established 
ethical guidelines, and the experiments are reported in 
compliance with the ARRIVE guidelines.25 The animals 
were housed under controlled environmental conditions 
(temperature: 23 °C; humidity: constant; light/dark cycle: 
12 h/12 h, lights on at 7 a.m.). Standard rodent chow and 
tap water were provided ad libitum. The animals were ran-
domly allocated to the experimental groups and the data-
sets were coded so that the experimental conditions were 
not revealed.

Sample size estimation

Power analysis for the performed experiments followed 
established principles. The pilot experiments indicated dif-
ferences between the experimental groups (TFP1/TFP5 vs 
control) and achieved the confidence level of 95% and a 
power of 80% at low sample size (α = 0.05 and β (type II 
error) of 0.2). As calculated, sufficient statistical power 
was assumed at a final sample size of 8–10 animals/group. 
The calculations were run in GPower 3.1 (Heinrich Heine 
University of Düsseldorf, Germany).

Modified filament middle cerebral  
artery occlusion (MCAO)

Middle cerebral artery occlusion (MCAO) procedures 
were performed as previously described.26 Briefly, mice 
(n = 62) were anesthetized with isoflurane (in O2:N2O, 1:2; 
0.5%–1.5%), and body temperature was maintained at 
37 °C. To confirm induction of ischemia, CBF was moni-
tored using a laser Doppler probe (Probe 403, connected to 
a PeriFlux 5000; Perimed AB, Sweden) attached to the 
parietal bone over the cortical area supplied by the middle 
cerebral artery (MCA). Occlusion of the left MCA was 
performed according to a modified version of the Koizumi 
method.26,27 After retracting the external carotid artery 
with surgical silk, a microclip (Fine Science Tools, Inc., 
USA) was placed on the common carotid artery. A sili-
cone-coated 230-µm microfilament (Doccol Corporation, 

USA) was then advanced through a small incision in the 
internal carotid artery until it reached the origin of the 
MCA, indicated by a sudden increase in resistance. 
Successful occlusion was confirmed by a reduction in CBF 
to less than 20% of baseline. Reperfusion was induced 
60 min later by gently retracting the filament and closing 
the carotid incision with a gelatin sponge under light com-
pression. The microclip was removed from the common 
carotid artery, and the external carotid artery was released. 
Post-operative care adhered to previously established pro-
tocols.26 In total, 41 mice survived for 72 h (66% survival 
rate) and were included in the data analysis. The mice were 
allocated to neurological testing and neuroimaging (n = 23) 
or to the evaluation of neurovascular coupling (n = 19).

Pharmacological treatment

For neurological testing and subsequent neuroimaging, three 
experimental groups were established based on treatment. 
The first group (TFP1; n = 8) received 1 mg/kg trifluopera-
zine (TFP) subcutaneously after complete recanalization of 
the middle cerebral artery (MCA), repeated every 24 h, 
with the final dose administered at 72 h post-surgery. The 
second group (TFP5; n = 7) received a single subcutaneous 
dose of 5 mg/kg TFP immediately after recanalization. The 
control group (n = 8) received vehicle (0.1% DMSO in 
saline) only.

Neurological testing

Animals underwent neurological testing 24 h before sur-
gery and daily from 24 to 72 h after MCAO. The Garcia 
Neuroscore Scale (GNS), a scoring system designed to 
evaluate sensorimotor deficits following ischemic brain 
injury in rodents, was used.26,28,29 The GNS score ranges 
from 0 (severe deficit) to 21 (no deficit). All test domains 
were performed in the same order for each animal, with 
three investigators present simultaneously to ensure unbi-
ased scoring.

MRI and SPECT imaging

MRI and SPECT imaging were performed 72 h after 
MCAO. [99mTc]-DTPA (76.03 ± 34.23 MBq) was admin-
istered intravenously via tail vein prior to imaging. During 
the 1-h incubation with the radiopharmaceutical, MRI 
scanning was performed as reported earlier,26 using a 
Mediso NanoScan PET/MRI 3T system (Mediso Ltd., 
Budapest, Hungary) equipped with 450 mT/m maximum 
gradient strength. A dedicated mouse head volume coil 
(inner diameter: 30 mm) was used for both transmission 
and reception.

Animals were placed on a heated platform during scan-
ning and anesthetized with 1%–2% isoflurane. Respiration 
rate and body temperature were continuously monitored, 
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and isoflurane concentration was adjusted as needed. T2-
weighted fast spin echo (T2FSE) scans were acquired 
using a three-dimensional acquisition scheme with the fol-
lowing parameters: field of view (FOV) = 35 × 35 mm, 
acquisition matrix = 220 × 220, and 96 contiguous slices of 
0.2-mm thickness. The echo-train length was 96, echo 
time (TE) = 69 ms, repetition time (TR) = 2 s, with one 
average, yielding a total acquisition time of approximately 
6.5 min.

Diffusion-weighted imaging (DWI) was performed with 
two b-values (b = 0 and 800 s/mm²; δ = 2.4 ms; Δ = 12 ms) 
along three perpendicular directions, each repeated 14 
times. A spin-echo echo-planar imaging (SE-EPI) pulse 
sequence was used to acquire high-quality images of 22 
adjacent slices (0.7-mm thickness) within a total acquisi-
tion time of 10 min. The FOV was set to 25 × 25 mm, with 
an acquisition matrix of 80 × 80. Echo time was 59.1 ms, 
bandwidth 300 kHz, and repetition time 5 s.

Susceptibility and eddy current distortion corrections 
were applied during image reconstruction based on refer-
ence echo scans. Apparent diffusion coefficient (ADC) 
values were calculated for the lesion area, the entire ipsi-
lateral (stroke-affected) hemisphere, and the contralateral 
intact hemisphere using InterView Fusion software 
(Mediso, Hungary). Hemispheric volumes (HV) and lesion 
volumes (LV) were derived from T2FSE sequences and 
ADC maps.

MRI scans were immediately followed by SPECT/CT 
measurements performed on a nanoSPECT/CT system 
(Mediso Ltd., Budapest, Hungary) equipped with multi-
pinhole collimators. Head SPECT scanning was conducted 
with 30 frames per cycle and a termination condition of 
120 s per frame over a scan range of 26.8 mm. SPECT 
reconstruction was performed using 0.2-mm isotropic vox-
els, and the FOV was centered on the head. SPECT results 
were quantified as radioactivity concentration (MBq/ml). 
Image analysis was performed using VivoQuant software 
(inviCRO, Boston, MA, USA). Tissue volume with BBB 
leakage was determined by threshold-based segmentation 
of high-uptake regions on the [99mTc]-DTPA SPECT 
images, and the activity concentration ratio between the 
injured and intact hemispheres was calculated.

Evaluation of neurovascular coupling

Neurovascular coupling (NVC) was assessed by measur-
ing the magnitude of functional hyperemia in response to 
mechanical whisker pad stimulation. Seventy-two hours 
after MCAO, animals (n = 19) were anesthetized with iso-
flurane as described above. After securing the head in a 
stereotaxic frame and exposing the skull, a laser Doppler 
probe (Probe 403, connected to a PeriFlux 5000; Perimed 
AB, Sweden) was positioned over the barrel cortex ipsilat-
eral to the prior MCAO. A silver ball electrode (Ag/AgCl; 

WPI Instruments, Sarasota, FL, USA) was placed nearby, 
and an Ag/AgCl reference electrode was implanted under 
the skin of the animal’s neck. The instrumentation for elec-
trophysiological recordings was identical to that described 
previously.30 This configuration allowed for minimally 
invasive recording of EEG and CBF. Anesthesia was 
switched from isoflurane to medetomidine (0.1 mg/kg, 
i.p.), supplemented with a reduced concentration of isoflu-
rane (0.1%) to maintain proper baseline vascular tone and 
sufficient analgesia. After achieving a stable baseline CBF, 
contralateral mechanical whisker stimulation was per-
formed at a frequency of 2 Hz for 30 s and repeated three 
times with 2-min intervals to allow full recovery of CBF 
between stimulations. The procedure was then repeated in 
the contralateral, non-ischemic hemisphere, which served 
as the control. TFP-treated groups (TFP1, n = 7; TFP5, 
n = 6) were evaluated against controls (n = 6).

Susceptibility to spreading depolarization

A separate group of mice (n = 16) were anesthetized with 
isoflurane as described above and mounted in a stereo-
taxic frame. An open craniotomy over the parietal cortex 
was prepared for local field potential (LFP) recording 
and laser Doppler flowmetry, while a smaller, caudal 
trepanation was used to elicit SDs. The cranial windows 
were continuously superfused with artificial cerebrospi-
nal fluid (aCSF; composition in mM: 126.6 NaCl, 3 KCl, 
1.5 CaCl2, 1.2 MgCl2, 24.5 NaHCO3, 6.7 urea, and 3.7 
glucose), bubbled with 95% O2 and 5% CO2 to maintain 
a constant pH of 7.4.

Two glass capillary microelectrodes filled with saline 
(20 µm outer tip diameter, 1–3 MΩ) were inserted into the 
parietal cortex, with the reference electrode placed subcu-
taneously under the neck. The electrophysiological signal 
filtered in DC mode was recorded as described previ-
ously.31,32 The amplified, conditioned and filtered signal 
was digitized using an analog-to-digital (A/D) converter 
(MP150, Biopac Systems, Inc., USA) and continuously 
recorded at a sampling rate of 1 kHz with AcqKnowledge 
software (version 4.2.0; Biopac Systems, Inc., USA).

Local CBF was recorded using a laser Doppler needle 
probe (Probe 403, connected to a PeriFlux 5000; Perimed 
AB, Sweden) positioned adjacent to one of the glass 
microelectrodes. The signal was digitized and acquired 
together with the DC potential, as described above.

After a 10-min baseline recording, both the acquisition 
and elicitation windows were incubated with 20 µM TFP 
solution prepared in aCSF for 20 min (n = 8). The solvent 
(aCSF) served as the control (n = 8). The solutions were 
renewed every 10 min. Spreading depolarizations were 
elicited after the incubation period by topical application 
of 1 M KCl to the caudal window, renewed every 15 min 
throughout the 120-min recording period.
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Live brain slice preparations

Coronal brain slices were prepared as previously 
described.33 Briefly, 350-µm-thick coronal slices (n = 55) 
from adult C57BL/6 mice were cut anterior to bregma 
using a vibrating-blade microtome (VT1000S, Leica 
Microsystems, Germany). Slices were collected in ice-
cold modified artificial cerebrospinal fluid (aCSF; compo-
sition in mM: 130 NaCl, 3.5 KCl, 1 NaH2PO4, 24 NaHCO3, 
1 CaCl2, 3 MgSO4, and 10 D-glucose) and allowed to 
recover in carbogenated (95% O2, 5% CO2) normal aCSF 
(composition in mM: 130 NaCl, 3.5 KCl, 1 NaH2PO4, 24 
NaHCO3, 3 CaCl2, 1.5 MgSO4, and 10 D-glucose). 
Randomly selected slices were continuously perfused with 
carbogenated aCSF at a rate of 2.5 ml/min in an interface-
type recording chamber (BSC1, Scientific Systems Design, 
Inc., ON, Canada) maintained at 32 °C using a temperature 
controller unit (PTC03, Scientific Systems Design, Inc., 
ON, Canada).

For intrinsic optical signal (IOS) imaging,33,34 slices 
were illuminated with a halogen lamp (Intralux 5100, 
Volpi AG, Schlieren, Switzerland). Image sequences were 
recorded at 1 Hz using a monochrome CCD camera 
(Pantera 1M30; DALSA, Gröbenzell, Germany; spatial 
resolution: 1024 × 1024 pixels) mounted on a stereomi-
croscope (MZ12.5; Leica Microsystems, Wetzlar, 
Germany), providing 6×–10× magnification.

After establishing a baseline in aCSF, brain slices were 
incubated in hypo-osmotic medium (HM), prepared by 
reducing the NaCl concentration in the aCSF from 130 to 
60 mM (corresponding to 339 and 199 mosm/l, respec-
tively), which induces spontaneous SD.33 A second SD was 
evoked 45 min after the onset of HM incubation by tran-
sient withdrawal of oxygen from the medium for 2.5 min.32 
Slices were then randomly assigned to either the TFP group 
(10 µM in 0.01% DMSO in aCSF) or the vehicle group 
(0.01% DMSO in aCSF). Following the experimental pro-
tocol, brain slices were immediately processed for 2,3,5-tri-
phenyltetrazolium chloride (TTC) staining.33,34

Immunocytochemistry

To evaluate astrocyte reactivity, neuronal integrity, and 
aquaporin-4 expression, immunostaining for glial fibril-
lary acidic protein (GFAP), neuronal nuclei (NeuN), and 
aquaporin-4 (AQP4) was performed. After concluding the 
recording protocol, brain slices were transferred from the 
recording chamber to a glass vial and immersed and stored 
in 4% paraformaldehyde (PFA) for 24 h. Brain slice prepa-
rations (350 µm) were then paraffin-embedded and sec-
tioned at 3 µm using a rotary microtome (Leica RM2235, 
Germany). Sections were mounted onto microscope slides. 
Following deparaffinization and rehydration, sections 
were blocked with 10% normal goat serum (Sigma–
Aldrich, USA) at room temperature for 1 h and then 

incubated overnight at 4 °C with the following primary 
antibodies: mouse anti-GFAP (Sigma–Aldrich, G3893, 
1:1500), rabbit anti-NeuN (Abcam, ab177487, 1:500), or 
mouse anti-AQP4 (Santa Cruz, sc-390488, 1:100). After 
rinsing in PBS, sections were incubated for 2 h at room 
temperature with the appropriate secondary antibodies: 
goat anti-mouse IgG (H + L) Alexa Fluor™ 568 (Thermo 
Fisher Scientific, USA, A-11031, 1:1000) for GFAP; goat 
anti-rabbit IgG (H + L) Alexa Fluor™ 488 (Thermo Fisher 
Scientific, USA, A-11008, 1:1000) for NeuN; or goat anti-
mouse IgG (H + L) Alexa Fluor™ 568 for AQP4. Sections 
were then rinsed with PBS and distilled water, cover-
slipped with Fluoromount-G containing DAPI (Thermo 
Fisher Scientific, 00-4959-52), and stored at 4 °C. 
Fluorescent images were acquired using a Leica DFC250 
camera (Leica Microsystems, Wetzlar, Germany) attached 
to a fluorescence microscope (Leica DM LB2) at 5×, 
10×, 20×, and 40× magnification. Quantification of 
immunopositive area fractions for GFAP, NeuN, and 
AQP4 was performed in the cortex from randomly selected 
photomicrographs using threshold-based analysis in 
ImageJ Fiji. The immunopositive area fraction (%) was 
calculated as the ratio of the thresholded signal area to the 
total region of interest.

Data analysis and statistics

Data analysis followed previously established proto-
cols.26,30,31,33,34 Data are presented as mean ± stdev, with 
individual data points overlaid. The normality of data dis-
tribution was assessed using the Shapiro–Wilk test. Data 
sets with discrete values were analyzed using the Mann–
Whitney test. For data sets showing a normal distribution, 
one-way ANOVA, two-way ANOVA, or repeated-meas-
ures ANOVA was applied, depending on the variables. 
ANOVA analyses were followed by Sidak-Holm’s post 
hoc test. Statistical significance was set at *p < 0.05 and 
**p < 0.01. The specific statistical tests applied are indi-
cated in each figure legend.

Results

TFP reduces infarct volume and  
attenuates neurological deficits

MRI performed 3 days after MCAO revealed distinct focal 
cortical and striatal infarcts in all experimental groups 
(Figure 1(a)), as indicated by hyperintense T2 signal with 
concurrent restricted diffusion in the affected areas. TFP 
administered in two treatment regimens reduced lesion 
volumes, particularly when given as a single, higher bolus 
dose immediately after recanalization (TFP5; 20.5 ± 15.6 
and 32.0 ± 14.5 vs 52.5 ± 15.6 mm3, TFP5 and TFP1 vs 
control; Figure 1(b)). Space-occupying edema accompa-
nying ischemia, expressed as the increase in hemispheric 
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volume (%HSE), did not differ between the TFP-treated 
groups and the control group (21.1% ± 6.3% and 
25.4% ± 5.7% vs 20.9% ± 14.9%, TFP5 and TFP1 vs con-
trol; Figure 1(c)). Finally, SPECT scans were performed 
immediately after MRI acquisition to assess blood–brain 
barrier (BBB) permeability (Figure 1(d)), as elevated 
DTPA uptake indicates BBB leakage and associated vaso-
genic edema. Although tracer accumulation suggesting 
BBB disruption was evident within the infarcted areas 
(Figure 1(d)), no treatment effect was observed (78.6 ± 18.8 
and 82.1 ± 17.9 vs 75.7 ± 25.2 mm3, TFP5 and TFP1 vs 
control; Figure 1(e)).

Infarct volumes evaluated by neuroimaging corre-
sponded with neurological test results in our cohort of ani-
mals. Although all mice were equally impaired 24 h after 
MCAO, as reflected by GNS values averaging 9–10 (with 
21 indicating normal performance), both TFP-treated groups 

showed improvement from the second post-operative day, 
with group averages increasing to 12–13 points compared 
with 10–11 points in the control group (Figure 1(f)).

TFP restores functional hyperemia after AIS

We tested whether TFP restores cerebrovascular reactivity 
after AIS by measuring the amplitude of functional hyper-
emia in response to mechanical whisker stimulation. As 
expected, functional hyperemia evoked by somatosensory 
stimulation was virtually abolished after AIS, as shown by 
the relative amplitude of the response (4.0% ± 3.2% vs 
20.9% ± 7.1%; control stroke vs control intact hemisphere; 
Figure 2(a) and (b)). Importantly, administration of TFP at 
both doses restored the amplitude of functional hyperemia 
to near-control values (19.4% ± 5.5% and 20.0% ± 12.9% 
vs 20.9% ± 7.1%; TFP1 stroke and TFP5 stroke vs control 

Figure 1.  TFP reduces infarct volume and improves functional outcome but does not mitigate edema formation or blood–brain 
barrier leakage: (a) representative T2-weighted MRI images demonstrate infarct volume in the brains of a control and a TFP-treated 
mouse, (b) the protective effect of TFP is shown by the reduction in corrected lesion volume, (c) the increase in total hemispheric 
volume was not inhibited by TFP, (d) representative MRI T2-FSE and SPECT maps indicate DTPA uptake co-localized with the 
ischemic infarct, (e) the volume of DTPA-labeled tissue was similar across groups, and (f) TFP administration improved neurological 
function 48 and 72 h after focal cerebral ischemia. Data are presented as mean ± stdev, with individual data points overlaid. After 
confirming normal distribution using the Shapiro–Wilk test, a one-way ANOVA (b, c, e) or a repeated-measures ANOVA (f) 
followed by a Sidak–Holms post hoc test was applied for statistical analysis. Significance was set at *p < 0.05 (TFP5 vs control) and 
#p < 0.05 (TFP1 vs control).
TFP: trifluoperazine.
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intact hemisphere; Figure 2(a) and (b)). The amplitude of 
excitatory postsynaptic potentials (EPSPs) in the ischemic 
hemisphere was similar between TFP1 and control groups 
(Figure 2(c)) and did not correspond to the magnitude of 
the hyperemic response, suggesting that TFP selectively 
enhanced cerebrovascular function.

TFP enhances the cerebral blood flow response 
to SD in the non-ischemic mouse cortex

Since the occurrence of SDs is common in AIS, reflects the 
excitability of brain tissue, and the magnitude of the CBF 
response to SD represents the state of vascular reactivity, 
we investigated whether TFP inhibits SDs or enhances the 
associated CBF response. These experiments were con-
ducted in non-ischemic brains.

Both the frequency of KCl-induced SDs and their rela-
tive amplitude tended to be reduced by TFP (e.g. ampli-
tude of the first SD in a train: 12.96 ± 7.05 vs 18.88 ±  
2.64 mV, TFP vs control), although the reduction did not 
reach statistical significance (Figure 3(a)–(c)). TFP had no 
effect on the CBF response to the first SD in a train (peak: 
118.9% ± 22.7% vs 112.7% ± 23.5%, TFP vs control). 
However, the amplitude of subsequent recurrent SDs 
exceeded baseline CBF levels in the TFP group 
(122.6% ± 23.5%), whereas it remained below baseline in 
controls (93.6% ± 26.7%; Figure 3(d) and (e)). This differ-
ence was remarkable for the area under the curve (AUC) 
of the hyperemic phase of the CBF response associated 

Figure 2.  TFP rescues neurovascular coupling: (a) mean traces of functional hyperemia (with stdev in gray) in response to 
somatosensory whisker stimulation illustrate that the hyperemic response was abolished after ischemia but restored by TFP 
treatment, (b) the relative amplitude of functional hyperemia in response to whisker stimulation across hemispheres and 
experimental treatment regimens demonstrates the efficacy of TFP in rescuing the vascular response, and (c) the amplitude of 
EPSPs is shown in representative traces and was analyzed in the ischemic hemisphere of control and TFP1-treated mice, proving 
no TFP effect on neuronal activity. Data are presented as mean ± stdev, with individual data points overlaid. For each animal, the 
mean of three consecutive stimulations was used as a single value. After confirming normal distribution using the Shapiro–Wilk 
test, a two-way ANOVA (b; **Fstroke = 9.771, *Ftreatment = 5.285) followed by a Sidak–Holms post hoc test or a one-way ANOVA (c; 
F = 0.139) was applied for statistical analysis. Significance was set at *p < 0.05 (vs contralateral control) and #p < 0.05 (vs ipsilateral 
control).
EPSPs: excitatory postsynaptic potentials; TFP: trifluoperazine. The panel labels within the legend link the F values to the corresponding panels. For 
example: (b; etc. . . . ) Significance labels for the post hoc test in panel b are given in the figure.

with recurrent SDs (9419.4% ± 2173.6% vs 5444.7% ±  
1828.2% × s; TFP vs control; Figure 3(f)).

TFP attenuates SDs, preserves tissue integrity 
and downregulates AQP4 in brain slice 
preparations exposed to hypo-osmotic medium

Tissue swelling in brain slices was quantified as the 
increase in surface area relative to baseline measurements 
in aCSF. The hypo-osmotic medium (HM60), together 
with superimposed SD events, induced marked tissue 
swelling, which was reduced by approximately half fol-
lowing TFP treatment (Figure 4(a) and (b)). In the pres-
ence of TFP, spontaneous SDs were less likely to occur 
and exhibited a longer latency compared with HM60 alone 
(953 ± 463 vs 696 ± 336 s; HM60 + TFP vs HM60). SD 
latency, which was markedly shorter for anoxia-induced 
than for spontaneous SDs, was particularly prolonged in 
the presence of TFP compared with HM60 alone (71 ± 38 
vs 42 ± 30 s; HM60 + TFP vs HM60; Figure 4(c)–(e)). 
Furthermore, the tissue area invaded by SDs, expressed as 
a percentage of total slice surface area, was significantly 
reduced in the TFP group for both spontaneous SDs 
(41.5% ± 12.4% vs 56.7% ± 13.8%; HM60 + TFP vs 
HM60) and anoxia-induced SDs (42.0% ± 11.3% vs 
67.9% ± 12.8%; HM60 + TFP vs HM60; Figure 4(f)).

Tissue integrity, which was compromised under HM60 
conditions, was preserved by TFP, as demonstrated  
by TTC staining and further supported by the increased 
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relative area of NeuN-labeled neurons in TFP-treated 
slices (10.15% ± 2.31% vs 7.83% ± 2.36%, HM60 + TFP 
vs HM60; Figure 5(a) and (d)). Astrocytes stained for 
GFAP occupied a similar relative area in both the TFP-
treated and control groups (4.37% ± 2.17% and 5.18% ±  
4.85%, HM60 + TFP and HM60; Figure 5(b) and (d)). 
Importantly, AQP4 channel expression was decreased 
following TFP treatment, as indicated by the reduced 
relative tissue area immunopositive for AQP4 (1.88% ±  
0.72% vs 3.66% ± 0.96%, HM60 + TFP vs HM60; 
Figure 5(c) and (d)).

Discussion

We set out to explore whether administration of TFP, a 
calmodulin inhibitor that was previously shown to block 
AQP4 translocation to the astrocytic plasma mem-
brane,16,22 could inhibit cytotoxic edema formation during 

the early phase of AIS, limit infarct maturation, and 
improve the recovery of neurological and cerebrovascular 
function. Our therapeutic approach in AIS mice was 
designed to offer translational relevance, as TFP was deliv-
ered as a post-treatment, with administration initiated after 
recanalization. Moreover, TFP administration was targeted 
to the hyperacute phase, when cytotoxic edema formation 
is prominent and the risk of interfering with later edema 
resolution is minimal. The post-recanalization application 
of TFP is reversible, as inhibition of AQP4 translocation is 
lifted once the drug is cleared, thereby allowing AQP4-
mediated edema resolution at later time points. Finally, 
bolus administration upon recanalization (TFP5), as 
opposed to repeated daily administration (TFP1), proved 
more beneficial, as shown by the reduction in infarct vol-
ume (Figure 1(b)), while maintaining equal efficacy in 
neurovascular coupling (Figure 2) and functional out-
comes (Figure 1(f)). This may highlight the dynamic 

Figure 3.  TFP augments hyperemia coupled with SD: (a) representative DC potential recordings from a control (upper trace) 
and a TFP-treated preparation (lower trace) illustrate the pattern of rSDs triggered by continuous exposure to topical KCl, (b, 
c) both the total number of SDs and the relative amplitude of the first (SD1) and second (SD2) events tended to be lower in the 
presence of TFP, although the differences did not reach statistical significance, (d) representative laser-Doppler flowmetry traces 
from a control (upper trace) and a TFP-treated preparation (lower trace) show the kinetics of the SD-coupled CBF response, and 
(e, f) the amplitude of hyperemia associated with rSDs showed a tendency to increase in the TFP group, with a significantly greater 
AUC. Data sets with discrete values (b) are presented as a box plot with individual data points overlaid and were analyzed using the 
Mann–Whitney test. The normality of data distribution was confirmed with the Shapiro–Wilk test (c, e, f), and normally distributed 
data are shown as mean ± stdev with individual data points overlaid. One-way ANOVA was applied for statistical analysis. Statistical 
significance was set at **p < 0.01 (TFP vs control).
AUC: area under the curve; CBF: cerebral blood flow; DC: direct current; rSDs: recurrent SDs; SD: spreading depolarization; TFP: trifluoperazine.
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nature of edema formation and the importance of targeting 
its very early phase, while minimizing interference with 
edema resolution.

In contrast to the expectations, neither bolus nor 
repeated TFP treatment following MCAO resulted in a 
reduction of edema size as assessed by MRI. Importantly, 
however, infarct volume was significantly reduced in line 
with recent evidence35 and neurological outcomes 
improved, particularly when TFP was administered as a 
bolus immediately after recanalization (Figure 1). Yet, data 
obtained from our osmotically challenged acute brain slice 
preparations, used to gain mechanistic insight, demon-
strated that tissue swelling and AQP4 immunolabeling 
were reduced in the presence of TFP (Figures 4 and 5). The 
apparent discrepancy in TFP’s effects on edema formation 
in the two models is likely attributable to differences in the 

timing of the experimental endpoints. In acute brain slices, 
the observation period was limited to 60 min after the 
insult in the continued presence of TFP, whereas AIS mice 
underwent neuroimaging to evaluate edema and infarct 
size 3 days after MCAO and bolus TFP administration. We 
propose that the brain slice experiments predominantly 
captured the effect of TFP on acute osmotic stress and 
cytotoxic edema,32 while MRI performed 3 days after 
MCAO reflected the additional, delayed contribution of 
vasogenic edema.8,9 This interpretation is further sup-
ported by our findings showing that BBB leakage, assessed 
by SPECT, was not affected by TFP (Figure 1). This 
appears to be in contrast to a previous report demonstrat-
ing BBB protection by TFP in immortalized mouse brain 
microvascular endothelial cells under ischemic condi-
tions.35 Still, TFP was beneficial in both of our 

Figure 4.  TFP mitigates brain slice swelling and SDs under hypo-osmotic challenge: (a) representative IOS images demonstrating 
brain slice swelling in HM60 alone or with the addition of TFP (HM60 + TFP). Tissue swelling is indicated by the displacement of the 
contour of the parietotemporal cortex in each condition (insets). The time stamp is shown as min:s, (b) increase in the surface area 
of brain slices relative to baseline, measured after spontaneous SDs (40 min after the start of HM60 or HM60 + TFP incubation) 
and SDs triggered by anoxia (55 min after the start of incubation). The time stamp is shown as min:s, (c) representative, background 
subtracted, IOS image sequences showing the latency of anoxic SD occurrence. Note the increased latency and reduced area 
covered by SDs in HM60 + TFP compared to HM60, (d) frequency of spontaneous SDs in HM60 versus HM60 + TFP. SDs occurred 
less frequently in the presence of TFP, (e) latency of spontaneous and anoxic SDs, relative to the onset of HM60 or HM60 + TFP 
incubation and anoxia induction, respectively, and (f) cortical surface area covered by SD relative to total area. Normality of data in 
panels (b, e, f) was evaluated using the Shapiro–Wilk test. For normally distributed data (e, f), data are presented as mean ± stdev, 
with individual data points overlaid, and two-way ANOVA (factors: SD type and treatment) was applied, followed by Sidak’s post 
hoc test. Non-normally distributed data (b) are shown as box plot with individual data points overlaid, and were analyzed using 
the Mann–Whitney test. The cutoff for significance was set at *p < 0.05 and **p < 0.01 HM60 + TFP versus HM60, and ##p < 0.01 
anoxic versus spontaneous SD.
HM: hypoosmotic medium; IOS: intrinsic optical signal; SD: spreading depolarization; TFP: trifluoperazine.
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experimental models in protecting against neural injury, as 
evidenced by reduced infarct size after MCAO (Figure 1) 
and a greater number of NeuN-positive cells in brain slice 
preparations (Figure 5). In addition, TFP promoted func-
tional recovery as shown with the GNS test (Figure 1). 
Taking these results together, we argue, in light of our 
additional cerebrovascular findings, that TFP exerts neuro-
protective effects possibly by improving cerebrovascular 
function, either in addition to, or as a consequence of, 
counteracting astrocyte swelling.

Indeed, we found that TFP greatly improved neurovas-
cular coupling in ischemic tissue after MCAO (Figure 2), 
as well as the CBF response to SD in the optimally per-
fused cortex (Figure 3). Astrocytes are intimately apposed 
to the microvascular wall, covering more than 95% of the 
vascular surface with their endfeet where AQP4 is abun-
dantly expressed, and are essential regulators of vascular 
tone during neurovascular coupling with somatosensory 
stimulation.36 Likewise, astrocytes play a pivotal role in 
shaping the CBF response to SD37 and are heavily impli-
cated in SD itself.38 Adding further complexity, SD is 

accompanied by astrocytic swelling39 and contributes to 
cytotoxic edema with the involvement of AQP4.13,24 
Swelling of astrocytic endfeet compresses the microvascu-
lature, occurring within an hour after acute brain injury, 
peaking around 6 h post-impact, and gradually resolving 
by approximately day 3, as described in human samples.40 
This physical compression is understood to increase capil-
lary transit time heterogeneity, which can critically reduce 
oxygen availability.40 We suggest that targeting AQP4 and 
thus reducing astrocyte swelling with TFP may therefore 
contribute to the observed improvement in cerebrovascu-
lar function by relieving the physical compression of cer-
ebral vessels. Further cytomorphological analyses should 
help clarify this possibility.

Alternatively, ischemia and cytotoxic edema may dis-
rupt the neurochemical machinery underlying astrocytic 
vasoregulation. Astrocytes release both vasodilatory (pros-
taglandin E2 (PGE2)) and vasoconstrictive (20-hydroxyei-
cosatetraenoic acid (20-HETE)) metabolites of arachidonic 
acid in various contexts, with 20-HETE synthesis  
being markedly increased in association with increased 

Figure 5.  TFP prevents tissue injury and represses AQP4 expression in osmotically challenged brain slice preparations: (a) TTC-
stained sections represent tissue viability, with fewer TTC-positive cellular compartments (i.e. particles) indicating decreased tissue 
viability, (b) reactive astrocytes immunolabeled for GFAP did not display treatment-related alterations, (c) fluorescent images 
immunostained for AQP4 showed reduced and more fragmented signal in TFP-treated slices, and (d) quantitative analysis of the 
histological findings evaluated the number of TTC-stained particles per standard surface area, as well as the immunopositive area 
(NeuN, GFAP, or AQP4) relative to the total cortical surface. Normality of data was evaluated using the Shapiro–Wilk test. Non-
normally distributed data are shown as box plots with individual data points overlaid and were analyzed using the Mann–Whitney 
test. Normally distributed data are presented as mean ± stdev with individual data points overlaid and were analyzed with a one-
way ANOVA. The cutoff for significance was set at *p < 0.05 and **p < 0.01 HM60 + TFP versus HM60.
AQP4: aquaporin-4; GFAP: glial fibrillary acidic protein; TFP: trifluoperazine; TTC: triphenyl tetrazolium chloride.
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microvascular tone in ischemic brain tissue and during 
SD.41–43 Although no experimental evidence currently indi-
cates that astrocytic cytotoxic edema directly drives 
increased 20-HETE synthesis, both AQP4 translocation to 
the plasma membrane and 20-HETE production are mecha-
nistically linked to astrocytic Ca²+ oscillations that are aug-
mented by ischemia.22,42,43 It is therefore conceivable that 
TFP, in addition to its inhibition of AQP4 translocation and 
the resulting attenuation of swelling, suppresses astrocytic 
vasoconstrictor signaling or rescues vasodilator signaling, 
thereby shifting the balance toward decreased microvascu-
lar tone.

In our acute brain slice preparations challenged by 
osmotic stress, we observed that SD occurred with 
decreased frequency, prolonged latency, and a shorter 
propagation distance in the presence of TFP (Figure 4). A 
similar tendency was noted in vivo, as well (Figure 3). 
This may represent a mechanistic correlate of the tissue 
integrity preserved by TFP, because SD in injured tissue is 
known to promote the expansion of irreversible damage,23 
and therefore SD inhibition is expected to prevent the 
exacerbation of neuronal cell loss.34 Consistent with our 
present findings, we previously demonstrated that osmotic 
challenge, and the resulting tissue swelling, renders brain 
tissue increasingly susceptible to SD, an effect that can be 
reversed by the combined pharmacological antagonism of 
water influx driven by Na+–K+–2Cl− cotransporters and 
mediated by AQP4 (TGN-020 and bumetanide).32 The 
blockade of excessive water influx into astrocytes is 
thought to preserve their spatial buffering capacity, which 
is critical for both delaying SD initiation and facilitating 
SD termination.32,33,38 Together, the present and earlier 
data provide compelling evidence that mitigating cyto-
toxic edema by targeting astrocytic AQP4 inhibits SD, 
with putative neuroprotective consequences.

Limitations

A technical limitation of the experimental model is the 
restricted ability to assess the extent of spreading ischemia, 
the inverse and potentially detrimental CBF response asso-
ciated with SD.23,37 In the present experiments, MCAO 
was performed with the mouse in a supine position because 
vascular occlusion proved technically challenging when 
the animal was fixed in a stereotactic frame. The latter 
configuration would have allowed laser speckle contrast 
imaging to capture CBF responses associated with sponta-
neous SDs. As an alternative approach, we chemically 
induced spreading depolarizations in optimally perfused 
cortex. However, this approach involves the compromise 
that spreading ischemic responses are not expected to 
develop under such conditions.

Although our experimental work has yielded encourag-
ing results demonstrating the efficacy of TFP in mitigating 
the consequences of AIS, its cellular mechanisms of action 

are complex, therefore potential side effects must be care-
fully weighed against its benefits. First, TFP is an FDA-
approved antipsychotic agent and its therapeutic effect in 
schizophrenia comes mainly from dopamine D2-receptor 
blockade in specific brain pathways. It remains important 
to determine what concentration range provides ischemic 
neuroprotection through calmodulin modulation,22 prefer-
ably without eliciting psychiatric effects. Second, given 
that TFP is known as a calmodulin inhibitor, and calmodu-
lin participates in a wide array of intracellular signaling 
pathways,44 the consequences of its transient systemic 
inhibition are complex and not yet fully understood. 
Among other effects, TFP-mediated calmodulin inhibition 
may alter calcium release from the sarcoplasmic reticulum 
of ventricular cardiomyocytes.45 This mechanism may 
underlie some of TFP’s known cardiovascular adverse 
effects, including QT interval prolongation, an increased 
risk of arrhythmias, and orthostatic hypotension in suscep-
tible individuals.46 Such adverse effects could be particu-
larly problematic in patients with AIS, who often present 
with cardiovascular comorbidities. Consistent with these 
concerns, a recent clinical study examined stroke risk 
among new users of typical and atypical antipsychotics, 
including TFP, by extending Sentinel tabulation analyses 
from individuals aged 18–64 years without dementia to 
adults aged 65 years and older irrespective of dementia sta-
tus (ClinicalTrials.gov identifier: NCT04002700).

Despite these limitations, efforts to repurpose TFP  
for non-psychiatric indications are already underway. For 
example, TFP has recently been proposed as an antimeta-
static chemotherapeutic agent47 and as a treatment for  
glioblastoma based on its calmodulin-modulating proper-
ties.48,49 In this context, TFP may also represent a therapeu-
tic candidate for AIS, provided that its safety profile is 
carefully evaluated in this patient population.
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