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Introduction

Current gold standard treatments for ischemic stroke focus 
on restoring blood flow to the brain via intravenous throm-
bolysis (IVT), mechanical thrombectomy, or a combination 
of both.1–4 Recanalization of the occluded vessel is crucial 
as it restores blood flow to the brain. However, even after 
successful recanalization, brain tissue may not fully reper-
fuse.5 This reperfusion failure is thought to involve several 
mechanisms such as clot fragmentation and distal emboli-
zation,6–8 neutrophil obstruction of capillaries,9,10 platelet 
activation11,12 and pericyte contraction.13 Currently, strate-
gies to counteract reperfusion failure are lacking, but 
needed to improve stroke treatment outcomes. Through 
protective mechanisms on neuronal health and cerebral 
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blood flow, cardiovascular exercise (CVE) could be a fea-
sible strategy to enhance reperfusion after stroke.14–17

CVE is often integrated into neurorehabilitation pro-
grams to counteract deconditioning and enhance motor 
learning.18–20 CVE usually consists of treadmill exercise or 
bicycle ergometers and is characterized as an activity that 
can be maintained continuously and activates large muscle 
groups that use aerobic metabolism to provide energy.21,22 
Exercise changes body homeostasis of various metabo-
lites, such as glucose and lactate, and can increase cerebral 
blood flow (CBF) through changes in pCO2 and mean arte-
rial blood pressure.23,24 However, it remains unknown if (i) 
CVE could counteract reperfusion failure and chronic 
hypoperfusion and (ii) induce clinically relevant, lasting 
effects on functional recovery. Our goal was to assess the 
extent, duration, and consequences of reperfusion failure 
and hypoperfusion to the subacute and chronic phases after 
stroke and recanalization, and to test if CVE could further 
enhance brain perfusion and recovery.

Materials and methods

Animals

Experiments were performed on Sprague Dawley rats 
(RjHan:SD, Janvier) between the ages of 10 and 12 weeks. 
Both male and female rats were included in all experimen-
tal groups, with sex distribution reported in the figure leg-
ends. Exploratory analyses comparing outcomes between 
males and females revealed no significant sex-specific dif-
ferences across any outcome measures. A total of 28 
female rats and 28 male rats were used, with sample sizes 
informed by prior pilot studies, aimed to detect differences 
in brain perfusion recovery. Sample size calculations con-
sidered estimated effect sizes and standard deviations from 
pilot data to achieve 80% power at a 0.05 significance 
level. Animals were housed in pairs under a 12-h light/
dark cycle with unrestricted access to food and water. 
Cages were randomly assigned to control or treatment 
groups using a lottery method. All experiments were 
approved by the local veterinary authorities in Zürich (ani-
mal welfare assurance numbers ZH010/19 and 
ZH197/2022) and conformed to the guidelines of the Swiss 
Animal Protection Law, Veterinary Office, Canton of 
Zürich (Act of Animal Protection 16 December 2005 and 
Animal Protection Ordinance 23 April 2008). This study 
was conducted in accordance with the ARRIVE 
guidelines.

Anaesthesia

Anaesthesia was induced with isoflurane at 5% in 100% 
oxygen (800–1000 mL/min) and maintained between 1.5% 
and 2.5% in a mixture of 100% oxygen and room air 
(100/300 mL/min, respectively). During stroke surgery 

and laser speckle contrast imaging (LSCI) imaging, the 
body temperature of the rat was monitored and maintained 
at 37°C using a heating pad (Homoeothermic monitor, 
Harvard Apparatus, USA). During MRI imaging, body 
temperature was maintained at 37°C using a heated water 
system (LAUDA Eco Silver, Germany).

Thrombin stroke model

Focal cerebral stroke was induced using the thrombin 
model, adapted from previous studies in mice.9,25,26 The 
rat’s head was fixed in a stereotactic frame, and the eyes 
were lubricated with vitamin A ointment (Bausch + Lomb). 
An incision was made in the scalp along the midline axis 
from the left eye to the ear. A part of the left temporal mus-
cle was cut and retracted from the skull to expose the MCA 
region. The skull was thinned using a dental drill (Bien 
Air, Osseodoc) over the left hemisphere until a thin layer 
of the skull remained through which the cerebral surface 
blood vessels were visible. A craniotomy was performed 
over the distal M2 segment of the MCA, and the dura was 
removed over the arterial branch. Stroke was induced by 
introducing a glass pipette (calibrated at 15 mm/µL, 
Assistant ref. 555/5, Hoechst, Sondheim-Rhoen, Germany) 
into the lumen of the MCA, at the M2 branch, followed by 
the injection of 3 µL of purified human alpha-thrombin 
(5 UI/µL, HCT-0020, Haematologic Technologies Inc., 
USA). After injection, the pipette remained within the 
MCA lumen for 10 min, after which it was removed, and 
the stroke LSCI recording was initiated. Based on our pre-
vious work, successful stroke induction was confirmed by 
an immediate drop in CBF, observed on the LSCI record-
ing, to below 50% of baseline for at least 30 min. Any ani-
mal that did not meet this criterion was excluded from the 
study. The status of clot lysis or remaining occlusion of the 
MCA was confirmed by direct visualization of the clot 
through a stereomicroscope after the LSCI recording. 
Partial recanalization was defined as the presence of a 
residual clot at the M2 branch of the MCA.

Out of 64 rats, 4 were excluded due to an insufficient 
drop in perfusion (less than 50% of baseline for 30 min). 
An additional four rats died during the course of the exper-
iments and were not included in the final analysis.

Intravenous thrombolysis

After 30 min of stroke, thrombolysis was initiated by 
injecting recombinant tissue plasminogen activator (rt-PA; 
10 mg/kg, Actilyse, Boehringer Ingelheim) via the tail vein 
(n = 30). As detailed by previous studies,9,26 10% was ini-
tially given as a bolus injection, followed by the infusion 
of the remaining 90% over 45 min using a syringe pump 
(World Precision Instruments, USA). Rats in the control 
group received an equivalent volume of saline instead of 
rt-PA (n = 10).
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Laser speckle contrast imaging (LSCI)

Wide-field cortical perfusion was measured using a laser 
speckle contrast imaging device (moorO2FLO2, moor 
instruments, UK) before stroke (3 min), during the stroke 
(30 min) and during thrombolysis (60 min). The acquisi-
tion of perfusion images was performed at a frame rate of 
1 frame/3 s. LSCI files were exported and analyzed using 
the moorO2Flo Image Review V1.0 software (Moor 
Instruments, UK), with perfusion expressed in arbitrary 
units based on a 256-colour palette.27,28 All analyses were 
performed by an investigator blinded to the treatment 
groups.

Hypercapnic challenge

Prior to stroke and on the days post-stroke, a hypercapnic 
challenge was administered during the MRI protocol to 
assess cerebrovascular reserve in response to a vasodila-
tory stimulus. CBF response was measured using arterial 
spin labelling (ASL). An 8% CO2 stimulus was given for 
2 min as an adjustment period, followed by initiation of the 
ASL sequence and an additional 5 min of 8% CO2. Changes 
in CBF in response to hypercapnia were determined by a 
blinded investigator through comparison of CBF maps 
generated from ASL images acquired before and during 
hypercapnia.

Magnetic resonance imaging (MRI)

All MRI scans were performed on a 7 Tesla Bruker 
PharmaScan 70/16 horizontal bore small animal MR sys-
tem. Respiration, heart rate and temperature were moni-
tored using an MR-compatible animal monitoring system 
(Powerlab, Osensa, LabChart). MRI was performed using 
a 1H receive-only 2 × 2 rat brain surface array coil com-
bined with a transmit volume coil (Bruker, Ettlingen, 
Germany). T2-weighted imaging was acquired using a 
TurboRARE sequence to determine lesion volume, with 
infarct areas defined by cortical hyperintensity. Lesion 
volumes were assessed at days 1, 4, 14 and 28 post-stroke 
by manually delineating hyperintense areas on each slice 
and calculating the total lesion volume by summing lesion 
areas and multiplying by slice thickness. To account for 
post-ischemic edema, a validated indirect method was 
used to calculate T2 corrected hyperintense lesion volumes 
by multiplying the raw lesion volume by the ratio of the 
contralateral to ipsilateral hemisphere volume:

	

Corrected lesion volume Raw lesion volume

Contralateral hemisph

= ×
eere volume

Ipsilateral hemisphere volume �

Hemisphere volumes were determined by manually outlin-
ing and summing the cross-sectional area of each hemi-
sphere on the same slices used for T2 hyperintense lesion 

volume analysis. T2 hyperintense lesion volumes were 
manually calculated using ImageJ (NIH). ASL imaging 
was used to evaluate CBF, with CBF maps generated from 
raw ASL data using Matlab. Analysis of all MRI data was 
performed by an investigator who was blinded to group 
allocation.

Treadmill training protocol

For CVE, all rats (both in the exercise and no-exercise 
groups) completed a three-day treadmill training period 
before stroke or sham stroke surgery to accommodate the 
treadmill training environment. The training involved 
placing the rats on the treadmill (Five lane touchscreen 
treadmill, Panlab, Harvard Bioscience Inc., product code: 
760895) for 30 min at speeds of 14, 15 and 16 cm/s on 
training days 1, 2 and 3, respectively. The treadmill slope 
remained at 0°. Post-stroke treadmill exercise commenced 
on day 2 and continued for 2 weeks with 5 exercise ses-
sions per week, lasting 30 min at 17 cm/s (stroke and tread-
mill n = 10, sham stroke and treadmill n = 5). Rats in the 
no-treadmill exercise groups were placed on the treadmill 
for 30 min without the treadmill being turned on (stroke 
and no treadmill n = 10, sham stroke and no treadmill 
n = 4).

Adhesive tape removal test

The adhesive tape removal test was used to assess sensori-
motor function, with testing and analysis performed by an 
investigator blinded to treatment groups.29 Two strips of 
tape were applied to both forepaws of the rat in a random 
order. The time taken for the rat to first contact the tape 
(sensory) and the time taken to remove the tape (motor) 
were recorded. Each session included three trials and 
results were averaged. Before stroke, all rats were trained 
to remove the tape within 10 s.

Novel object recognition test

The novel object recognition test (NOR) was used to assess 
cognitive function after stroke.30,31 One day before the test, 
rats explored the arena freely for 30 min. For analysis, the 
discrimination index was calculated as described previ-
ously.31 Rats were placed in an arena (100 cm × 50 cm ×  
40 cm, Noldus) with two identical objects and allowed to 
explore freely and undisturbed for 5 min (familiarisation 
phase). After 3 h (rest phase), during which the arena was 
cleaned and one object replaced with a new one, rats were 
returned to the arena for another 5-min exploration phase. 
During the familiarisation and exploration phases, rats 
were recorded with a GigE Basler monochrome camera 
(Noldus). Videos were analysed using EthoVision XT 
(Noldus) by an investigator blinded to all treatment and 
control groups. Nose, body and tail points were automati-
cally tracked, and all tracking was visually inspected and 
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manually corrected. Exploration of an object was defined 
as the nose point being within 9 cm of the centre of the 
object or touching the object.

Immunohistochemistry

Rats were anaesthetised with pentobarbital and transcardi-
ally perfused with PBS solution. Brains were extracted, 
post-fixed in 4% PFA overnight, and transferred to 30% 
sucrose solution. Brains were sectioned into 60 μm slices 
using a microtome with a vibrating blade (MICROM HM 
650 V, Thermo Fischer Scientific).

For the immunofluorescent protocol, slices were incu-
bated overnight at 4°C in a solution of 0.25% Triton X-100, 
with 3% normal donkey serum in 0.1 M Tris Buffered saline 
(TBS). Primary antibodies were applied and incubated for 
3 days at 4°C, followed by thorough washing with TBS and 
incubation with secondary antibodies for 2 h at room tem-
perature. DAPI (1:10000; D9542; Merck) was used to stain 
nuclei. Slices were then mounted on slides with a fluores-
cent mounting medium (Agilent Technologies, S302380).

Neurons were stained with mouse anti-NeuN (1:1000; 
MAB377; Merck), astrocytes were stained with rabbit 
anti-GFAP (1:1000; G9269; Sigma-Aldrich), endothelial 
cells on vessels were stained with mouse anti-RECA-1 
(1:400; MCA970R; BIO-RAD), microclots and BBB 
damage were stained with sheep anti-fibrinogen (1:300; 
LS-B2573; LSBio). Alexa Fluor647 AffiniPure donkey 
anti-rabbit IgG (H + L; 1:400; 711-605-152; Jackson
Immuno), Alexa Fluor647 AffiniPure donkey anti-sheep 
IgG (H + L; 1:400; 713-605-147; JacksonImmuno), Alexa 
Fluor488 donkey anti-mouse IgG (H + L; 1:400; 715-545-
151; JacksonImmuno) were used as secondary antibodies.

Immunohistochemical analyses were conducted by an 
investigator who was blinded to group assignments. 
Z-stacks (40–50 μm) were acquired at 10× or 20× magni-
fication using a Zeiss LSM 800 confocal laser scanning 
microscope. ROIs were selected from the peri-infarct and 
corresponding contralateral areas. For sham stroke ani-
mals, ROIs were taken from comparable cortical areas. 
Image analysis was performed using ImageJ (NIH) and the 
experimenter was blinded to the experimental groups. 
NeuN-positive cells were counted for selective neuronal 
death analysis, GFAP signal intensity measured reactive 
astrogliosis, microclots were counted manually, and 
extravascular fibrinogen signal intensity assessed BBB 
leakage. Vessel density was analyzed using the vessel 
analysis plugin in ImageJ, where: vascular density = vessel 
area/total area * 100.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 
(version 10.2.0; GraphPad Software La Jolla, CA, USA). 

Data in all groups was tested for normality using the 
D’Agostino-Pearson omnibus normality test. For compari-
sons between two groups, significance (p < 0.05) was 
determined using the two-tailed Mann–Whitney U test. 
For experiments involving repeated measurements across 
treatment groups and time, two-way repeated measures 
ANOVA was applied to evaluate main effects of treatment, 
time, and their interaction, followed by Sidak’s post hoc 
tests for pairwise comparisons at individual timepoints. 
See Supplemental Table 1 for full statistical results. 
Correlation analysis was calculated using Spearman’s rank 
correlation coefficient. Results are presented as mean ± SD 
(standard deviation) or median (interquartile range) in vio-
lin plots, with details of statistical tests and group sizes (n) 
provided in the figure legends.

Results

IVT in the thrombin model of stroke  
in rats induces full recanalization but 
incomplete reperfusion

To investigate whether reperfusion failure occurs in the 
rat thrombin model of stroke, we utilized laser speckle 
contrast imaging (LSCI), monitoring cortical perfusion 
in the ipsilateral hemisphere over a period of 90 min 
(Figure 1(c)).

Thrombin injection into the left middle cerebral artery 
(MCA), M2 segment, successfully induced clot forma-
tion leading to the occlusion of the targeted vessel 
(Figure 1(a)). This resulted in a significant drop in perfu-
sion within the cortical MCA area reducing to 17.4% ± 8.9% 
for the saline-treated group and 16.2% ± 6.8% for the rt-
PA-treated animals (Figure 1(f)). Thrombolysis was initi-
ated by administering rt-PA 30 min after the onset of stroke 
to dissolve the clot in situ.9,25,26

Clot lysis at 90 min post-stroke induction was achieved 
in 100% of rt-PA-treated rats versus 5% of saline-treated 
rats (Figure 1(e)). Spontaneous reperfusion (CBF higher 
than 50% of baseline) occurred in a few rats (n = 4, 40%) 
within the saline-treated group, but average levels 
remained below 50% of baseline perfusion values 
(stroke + saline: 47.2% ± 9.1%) at the end of the LSCI 
recording (Figure 1(c) and (f)). Treatment with rt-PA 
caused significant reperfusion compared to saline treat-
ment (rt-PA: 67.6% ± 8.7% vs saline: 47.2% ± 9.1%, 
p < 0.0001) at 90 min after stroke (Figure 1(c) and (f)). 
Despite achieving a 100% recanalization rate, the rt-PA-
treated group only recovered to 67.6% ± 8.7% of base-
line levels in the MCA territory. These findings highlight 
the occurrence of reperfusion failure in rats subjected to 
the thrombin model of stroke. Notably, this observation 
aligns with our previous findings in the same model using 
mice.9
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Figure 1.  Reperfusion failure in the thrombin model of stroke in rats. (a) A graphic of the injection of thrombin and clot formation 
in the MCA branch (left). An image of the M2 branch of the MCA before (middle) and after clot formation (right). (b) The 
experimental timeline of LSCI imaging includes three recording periods: a 3-min baseline recording, a 30-min stroke recording, and 
a further 60-min recording capturing thrombolysis. These time points were chosen to capture the dynamic changes in perfusion 
following stroke induction and saline/rt-PA treatment. (c) Representative LSCI images of the three recording periods (baseline, 
stroke, treatment) for sham stroke, stroke + saline and stroke + rt-PA animals. The ROI for LSCI analysis is shown as a white box 
and was placed over the MCA, based on anatomy extracted from the baseline LSCI image. The scale bar shows CBF (a.u.). (d) A 
graphic representing the whole rat brain and major vessels with the location of the ROI for laser speckle analysis. (e) Quantification 
of the rate of MCA recanalization at the M2 branch 90 min after stroke induction for stroke + saline (left, n = 10, female = 5, 
male = 5) and stroke + rt-PA (right, n = 10, female = 5, male = 5) groups. (f) Graph left: Analysis of LSCI recordings of the region of 
interest in sham stroke, stroke + saline and stroke + rt-PA rats. The red arrow indicates the starting time of the administration of 
saline or rt-PA. Sham stroke n = 7 (female = 3, male = 4), stroke + saline n = 10 (female = 5, male = 5), stroke + rt-PA n = 10 (female = 5, 
male = 5). Graphs right: Distribution of speckle signal changes within MCA ROI at individual time points of 0, 30, 60 and 90 min 
during the LSCI recording for animals in sham stroke (n = 7, female = 3, male = 4), stroke + saline (n = 10, female = 5, male = 5) and 
stroke + rt-PA (n = 10, female = 5, male = 5) groups. Treatment group differences (stroke + saline vs stroke + rt-PA) over time were 
analyzed by two-way repeated measures ANOVA, followed by Sidak’s post hoc test.
**p < 0.01. ***p < 0.001. ****p < 0.0001.
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Reperfusion failure persists through  
7 days post-stroke

To investigate whether reperfusion failure extends beyond 
the acute phase of stroke, we examined whole-brain perfu-
sion using arterial spin labelling (ASL) MRI at days one 
and seven post-stroke (Figure 2(a) and (b)). A T2 sequence 
was acquired in the same orientation as the ASL images to 
ensure precise selection of the ROI within the T2 hyperin-
tense lesion area. Both stroke groups exhibited significant 
reduction in perfusion within the T2 hyperintense area on 
days 1 and 7 (Figure 2(c)). Animals treated with rt-PA had 
better-maintained perfusion on day 1 (stroke + rt-PA: 
88.5% ± 4.1%, stroke + saline: 83.4% ± 3.8%, p = 0.0257; 
Figure 2(c)). However, by day seven, no significant differ-
ence in perfusion was observed between the rt-PA and 
saline-treated groups, with both remaining below baseline 
levels (stroke + saline: 89.7% ± 3%, stroke + rt-PA: 
93.5% ± 5.4%; Figure 2(c)). These findings suggest that 
reperfusion failure persists for at least 7 days post-stroke, 
even with rt-PA treatment and successful recanalization. 
Due to the larger ROI, involving deeper areas, and meth-
odological differences, changes in ASL-derived CBF are 
different from changes in LSCI signal (Figure 2(c)).

To determine whether reperfusion failure was due to 
impaired large vessel function, cerebrovascular reactivity 
was assessed using MRI. ASL imaging was performed in 
combination with a 5-min 8% CO2 challenge on days 1 
and 7 post-stroke. An expected increase in perfusion upon 
the hypercapnic stimulus was observed in the sham stroke 
group on all days. Saline-treated rats showed a signifi-
cantly diminished response to the hypercapnic stimulus on 
both days (day 1: p = 0.0004, day 7: p = 0.0044) compared 
to rt-PA treated animals, which exhibited a similar response 
to sham stroke animals on both days post-stroke (Figure 
2(d)). While in saline-treated rats, cerebrovascular reactiv-
ity was clearly diminished, rt-PA treated rats did not show 
a dysfunction in the large pial vascular network, suggest-
ing that the lack of reperfusion in the recanalized ischemic 
area is not due to a loss of cerebrovascular reactivity but 
rather attributable to reperfusion failure of the microvascu-
lar bed.

Next, we wanted to explore the effect of stroke on the 
brain microvasculature. Using immunofluorescence, we 
examined the presence of microclots, and the BBB integ-
rity in the peri-infarct area on day 7 post-stroke (Figure 
2(e)). Quantification of intravascular microclots showed 
an increased number of microclots in small vessels in the 
peri-infarct area (Figure 2(f)). Saline-treated animals had 
significantly more microclots within the peri-infarct area, 
5.6 ± 3.8/ROI, than both sham stroke and rt-PA-treated 
animals (0.1 ± 0.3/ROI, p < 0.0001 and 3.2 ± 1.6ROI, 
p = 0.0171, respectively; Figure 2(f)). Extravascular fibrin-
ogen fluorescence intensity indicated significant BBB 
damage in the peri-infarct area for both stroke + saline and 

stroke + rt-PA groups (Figure 2(e) and (f)). Altogether, 
these findings indicate a significant microvascular failure 
characterized by an increased presence of microclots and 
BBB damage following stroke. Our experiments demon-
strated that despite successful recanalization of the MCA 
with rt-PA, microvascular reperfusion failure persisted for 
at least 7 days post-stroke.

Reperfusion failure is associated with  
an incomplete recovery of function

Next, we examined infarct size as well as sensorimotor, 
and cognitive function in the days following stroke. 
Animals were monitored on days 1 and 7 post-stroke using 
MRI and behavioural tests, including the adhesive removal 
test and the novel object recognition test, following sham 
stroke, stroke + saline or stroke + rt-PA (Figure 3(a)). 
T2-weighted imaging was employed to assess vasogenic 
edema after stroke. On day 1, stroke resulted in average T2 
signal of 86.5 ± 16.4 mm3, which decreased to 61.157.4 ±  
11.7 mm3 by day 7. Thrombolysis with rt-PA significantly 
reduced the T2 hyperintense lesion compared to saline-
treated animals on both day 1 (61.8 ± 11.3 mm3, p <  
0.0001), and day 7 (34.5 ± 8.9 mm3, p < 0.0001) post-
stroke (Figure 3(b) and (c)). T2 hyperintensity volumes for 
both groups decreased from day 1 to 7 (Figure 3(c)).

Ischemia resulted in significant sensorimotor deficits, 
as demonstrated by prolonged times to contact and remove 
the tape on the affected side during the adhesive removal 
test conducted on day 1 (Figure 3(e)). On day 1, rats that 
received rt-PA treatment had better sensorimotor scores 
compared to saline-treated rats (time to contact: 34.7 ±  
21.7 s vs 77.2 ± 28.1 s, p < 0.0001; time to removal: 
53.7 ± 29.9 s vs 103.3 ± 26.5 s, p < 0.0001; Figure 3(e)).

This effect was again observed on day 7 where rats in 
the rt-PA treated group showed improved sensorimotor 
scores compared to saline treated rats (time to contact: 
25.1 ± 7.2 vs 50.4 ± 12.2 s, p < 0.0001; time to removal: 
31.9 ± 8.4 s vs 62.9 ± 17.1 s, p < 0.0001; Figure 3(e)). 
These results indicate that sensorimotor function improved 
over time across all animals, but that rt-PA treated rats con-
sistently outperformed saline treated animals. Furthermore, 
stroke caused significant cognitive deficits (Figure 3(e)). 
Both saline and rt-PA-treated rats had lower discrimination 
index scores on day 7 compared to their pre-stroke scores, 
which indicated that the stroke affected their ability to dis-
tinguish objects in the NOR test (Figure 3(d) and (e)).

To further investigate IVT effects on neuronal damage 
and reactive astrogliosis, immunofluorescence markers 
were used to stain mature neurons (neuronal nuclear pro-
tein: NeuN) and reactive astrocytes (glial fibrillary acidic 
protein: GFAP) in the peri-infarct area on day 7 post-stroke 
(Figure 3(f)). IVT rescued a significant number of neurons 
(60.3 ± 28.2 vs 38.44 ± 17.9, p = 0.0252) and reduced 
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Figure 2.  Assessment of cerebral perfusion, vascular reactivity, BBB integrity, and microclot formation following ischemic stroke 
and treatment with rt-PA. (a) Experimental timeline showing the days when the stroke surgery, perfusion imaging, hypercapnic 
challenge and euthanasia were performed. (b) Representative calculated CBF maps from ASL imaging showing perfusion in the 
whole brain pre-stroke (left) and on day 1 post-stroke (right). The lesion area is highlighted by the white dotted line. (c) CBF 
change, calculated from pre-stroke levels, on days 1 and 7 post-stroke. Sham stroke n = 7 (female = 3, male = 4), stroke + saline 
n = 10 (female = 5, male = 5), stroke + rt-PA n = 10 (female = 5, male = 5). Group differences (stroke + saline vs stroke + rt-PA) over 
time were analyzed by two-way repeated measures ANOVA, followed by Sidak’s multiple comparisons test. (d) Relative CBF 
change upon a hypercapnic challenge with 8% CO2 pre-stroke, and on days 1 and 7 post-stroke. Sham stroke n = 7 (female = 3, 
male = 4), stroke + saline n = 10 (female = 5, male = 5), stroke + rt-PA n = 10 (female = 5, male = 5). Data were assessed using two-way 
repeated measures ANOVA comparing all three groups with Sidak’s post hoc test. (e) Representative immunofluorescent images 
showing examples of microclots (first row), and BBB leakage (second row), for the sham stroke group (first column), stroke + saline 
group (second column), and stroke + rt-PA group (third column). ROIs are taken from the peri-infarct area, and an example 
location of the ROI can be seen in the graphics at the top of each column. (f) Top: Quantification of the number of microclots/
ROI observed for each group in the peri-infarct area on day 7 post-stroke. Sham stroke n = 5 (female = 2, male = 3), slices = 10, 
ROIs = 20; stroke + saline n = 8 (female = 4, male = 4), slices = 16, ROIs = 32; stroke + rt-PA n = 8 (female = 4, male = 4), slices = 16, 
ROIs = 32. Bottom: BBB leakage represented by fluorescence intensity of fibrinogen in the peri-infarct area for each group on day 7 
post-stroke. Sham stroke n = 5 animals (female = 2, male = 3); stroke + saline n = 8 animals (female = 4, male = 4); stroke + rt-PA n = 8 
animals (female = 4, male = 4). Group comparisons were made using the two-tailed Mann–Whitney U test.
*p < 0.05. **p < 0.01. ***p < 0.001. ****p < 0.0001.
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Figure 3.  Evaluation of functional outcomes and tissue damage following ischemic stroke and rt-PA treatment. (a) Experimental 
timeline showing the timings of the behavioural training, pre-behaviour and MRI, the stroke surgery, post-stroke MRI and 
behaviour and euthanasia. (b) Representative T2 hyperintense signal on day 1 for the stroke + saline (left) and the stroke + rt-PA 
(right) groups. The hyperintense signals are outlined with red dotted lines. (c) The differences in the calculated T2 hyperintense 
signal volumes between the stroke + saline group and stroke + rt-PA group on days 1 (left) and 7 (right). Stroke + saline n = 10, 
stroke + rt-PA n = 10. Changes in T2 hyperintense lesion volumes were assessed using two-way repeated measures ANOVA 
with Sidak’s post hoc test. (d) A graphic showing the exploration phase of the novel object recognition test. (e) Average time to 
contact (left) and time to removal (middle) for each group, pre-stroke and on days 1 and 7. Sham stroke n = 7 (female = 3, male = 4), 
stroke + saline n = 10 (female = 5, male = 5), stroke + rt-PA n = 10 (female = 5, male = 5). (Right) The calculated discrimination index 
from the NOR test for each group pre-stroke and on day 7 post-stroke. Sham stroke n = 7 (female = 3, male = 4), stroke + saline 
n = 10 (female = 5, male = 5), stroke + rt-PA n = 10 (female = 5, male = 5). Behavioural outcomes were analyzed by two-way 
repeated measures ANOVA (comparing stroke + saline vs stroke + rt-PA) with Sidak’s post hoc comparisons. (f) Representative 
immunofluorescent images showing selective neuronal death and reactive astrogliosis in the periinfarct area of the stroke + saline 
and stroke + rt-PA groups. NeuN-positive cells are shown in the first row and GFAP-positive cells are shown in the second 
row. Sham stroke is represented in the first column, stroke + saline is represented in the second column, and stroke + rt-PA is 
represented in the third column. ROIs are taken from the peri-infarct area and an example location of the ROI can be seen in 
the graphics at the top of each column. (Top right) Calculation and comparison of NeuN positive cells in the peri-infarct area for 
all groups. Sham stroke n = 5 animals (female = 2, male = 3); stroke + saline n = 8 animals (female = 4, male = 4); stroke + rt-PA n = 8 
animals (female = 4, male = 4). (Bottom right) Reactive astrogliosis shown as fluorescence intensity of GFAP signal in the peri-infarct 
area on day 7 post-stroke. Stroke + saline n = 8 animals (female = 4, male = 4); stroke + rt-PA n = 8 animals (female = 4, male = 4). 
Data were compared using two-tailed Mann–Whitney U test.
*p < 0.05. ****p < 0.0001.
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reactive astrogliosis (121.91 ± 34.4 vs 148.73 ± 25.3, 
p = 0.0227) in the peri-infarct area compared to saline-
treated rats (Figure 3(f)).

Cardiovascular exercise mitigates reperfusion 
failure and persistent hypoperfusion post-stroke

After confirming that reperfusion failure persists for at 
least 7 days post-stroke, we sought to explore potential 
treatment strategies to mitigate this effect. First, we inves-
tigated the effects of treadmill exercise on perfusion and 
vascular integrity (Figure 4(a)). Ten rats underwent tread-
mill exercise, after stroke and thrombolysis, for 2 weeks 
(days 2–16), with 30-min sessions 5 times a week.32 
Perfusion was measured with ASL MRI on days 1, 4, 14 
and 28 (Figure 4(a)). Consistent with our previous findings 
(Figure 2(c)), tissue perfusion in the ischemic area 
decreased to 84.4 ± 5.2% (stroke + rt-PA + treadmill exer-
cise group) and 83.2 ± 3.2% (stroke + rt-PA + no treadmill 
exercise group) on day 1 (Figure 4(b)). Perfusion remained 
below pre-stroke levels on day 4 (stroke + rt-PA + tread-
mill exercise group: 92.7 ± 5.3%; stroke + rt-PA + no 
treadmill exercise group: 91.4 ± 2.8%; Figures 2(c) and 
4(b)). Perfusion within the ischemic area of non-exercising 
rats remained below pre-stroke levels at 87.5 ± 4% and 
89.9 ± 4.8% on days 14 and 28, respectively (Figure 4(b)). 
However, rats treated with cardiovascular exercise, exhib-
ited a steady increase in perfusion from day 4 (92.7 ± 5.3%) 
to day 14 (98.3 ± 3.1%) and day 28 (102.3 ± 1%; Figure 
4(b)). Post hoc analysis confirmed that animals in the 
treadmill exercise group had significantly higher perfusion 
than animals in the no treadmill exercise group on both 
day 14 (p < 0.0001) and 28 (p < 0.0001). Notably, even 
after treadmill exercise ended on day 16, perfusion contin-
ued to improve up to day 28, suggesting a sustained posi-
tive impact of cardiovascular exercise on perfusion (Figure 
4(b)). Additionally, an overall perfusion enhancement  
of treadmill exercise was also evident in the sham 
stroke + treadmill exercise group, with cortical perfusion 
levels (an area resembling the usual lesion area in the 
stroke model) reaching 104.2 ± 1.2% on day 28, signifi-
cantly higher than in sham stroke + no treadmill exercise 
rats (99.6 ± 1.4%, p = 0.0019; Figure 4(b)).

To elucidate the mechanisms underlying the effect of 
CVE on reperfusion failure, we measured large vessel 
reactivity (up to 28 days post-stroke), to a CO2 challenge 
using MRI-ASL imaging of the infarct area. Both treadmill 
and no treadmill groups showed normal responses to the 
hypercapnic challenge on day 1 after stroke (Figures 2 and 
4(c)). The response to hypercapnia remained consistent 
into the sub-acute stage with no significant differences 
between treatment groups on day 28 (Figure 4(c)).

Next, we studied vessel density, microclot number 
and BBB damage in the peri-infarct and contralateral 
areas after treadmill exercise (Figure 4(d) and (e)). 

Strikingly, in animals that had undergone treadmill exer-
cise, vessel density was significantly higher up to day 28 
(13.5 ± 4.5%/ROI, p < 0.0001) in the peri-infarct area 
(Figure 4(e)) compared to no treadmill group, suggest-
ing that treadmill exercise promotes angiogenesis in the 
sub-acute stage of stroke. Additionally, treadmill exer-
cise resulted in fewer microclots per ROI compared to 
the no treadmill exercise group (2.3 ± 2.3 vs 5.95 ± 3.3/
ROI, p = 0.0004) and reduced BBB damage (47.8 ± 15 
vs 103.8 ± 18.6 fluorescence intensity/ROI, p < 0.0001; 
Figure 4(d) and (e)).

Thrombolysis combined with post-stroke 
cardiovascular exercise results in significantly 
improved functional outcomes

Finally, we employed structural MRI and behavioural tests 
to examine the effect of cardiovascular exercise on T2 
hyperintense signal evolution, sensorimotor and cognitive 
function (Figure 5(a) and (b)). The corrected T2 hyperin-
tense volumes were similar in both treatment groups on 
day 1 (67.3 ± 42.7 mm3 vs 70.3 ± 34.8 mm3) and 4 (37.5 ±  
26.4 mm3 vs 47.1 ± 26.8 mm3; Figure 5(c)). From day 4, 
T2 volumes steadily decreased in the no treadmill exercise 
group to day 28 (day 14: 35.3 ± 23.0 mm3; day 28: 26.7 ±  
21.1 mm3; Figure 5(c)). Interestingly, treadmill exercise 
resulted in a steep decrease in T2 hyperintense lesion vol-
ume between days 4 and 14 (37.5 ± 26.4 mm3 to 
14.8 ± 14.7 mm3), further decreasing to 10.4 ± 8.5 mm3 on 
day 28 (Figure 5(c)). T2 hyperintense lesion volumes in 
the treadmill exercise group were significantly smaller on 
days 14 (p = 0.0310) and 28 (p = 0.0436) than in the no 
treadmill exercise group, indicating an impact of cardio-
vascular exercise on edema and lesion evolution.

Smaller regions of T2 hyperintense signals in the tread-
mill exercise group were associated with less severe senso-
rimotor deficits on both days 14 (time to contact: 
18.2 ± 4.9 s vs 27.6 ± 9.6 s, p = 0.0004 time to removal: 
21.3 ± 6.3 s vs 34 ± 12.1 s, p = 0.0002) and 28 (time to con-
tact: 12.5 ± 2.8 s vs 19.5 ± 6.4 s, p < 0.0001, time to 
removal 16.3 ± 5.4 s vs 25.1 ± 8 s, p = 0.0003; Figure 5(d)). 
Furthermore, after treadmill exercise rats showed signifi-
cantly higher discrimination index scores in the NOR 
behavioural test on day 28 compared to those without 
treadmill exercise (0.133 ± 0.428 vs −0.301 ± 0.436, 
p = 0.0376; Figure 5(d)).

Next, we investigated selective neuronal death and reac-
tive astrogliosis in the peri-infarct and contralateral areas 
on day 28 (Figure 5(e)). Animals that had undergone tread-
mill exercise had significantly higher numbers of NeuN-
positive cells in the peri-infarct area, indicating more 
neuronal survival (Figure 5(e)). Moreover, GFAP signal 
intensity in the peri-infarct area was significantly higher in 
the no-treadmill exercise group indicating increased reac-
tive astrogliosis and inflammation (Figure 5(e)).
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Figure 4.  Impact of post-stroke CVE on cerebral perfusion, vascular health and microclot formation. (a) Left: Experimental 
timeline showing the pre-stroke treadmill training, stroke/sham stroke surgery, treadmill exercise period, all ASL perfusion 
measurements and day of euthanasia. Right: Graphic representation of the treadmill exercise setup. (b) Relative CBF change, 
calculated from pre-stroke levels, on days 1, 4, 14 and 28 post-stroke. Sham stroke + treadmill n = 5 (female = 3, male = 2), sham 
stroke + no treadmill n = 4 (female = 2, male = 2), stroke + rt-PA + treadmill n = 10 (female = 5, male = 5), stroke + rt-PA + no 
treadmill n = 10 (female = 5, male = 5). Perfusion changes were analyzed using two-way repeated measures ANOVA comparing (*) 
stroke + rt-PA + no treadmill versus stroke + rt-PA + treadmill and (#) sham stroke + no treadmill versus sham stroke + treadmill 
with Sidak’s post hoc test. (c) Relative CBF change upon a hypercapnic challenge with 8% CO2 pre-stroke and on days 1 and 28 
post-stroke. Sham stroke + treadmill n = 5 (female = 3, male = 2), sham stroke + no treadmill n = 4 (female = 2, male = 2), stroke + rt-
PA + treadmill n = 10 (female = 5, male = 5), stroke + rt-PA + no treadmill n = 10 (female = 5, male = 5). Cerebrovascular reactivity was 
assessed by two-way repeated measures ANOVA comparing either stroke + rt-PA + no treadmill vs. stroke + rt-PA, + treadmill or 
sham stroke + no treadmill versus sham stroke + treadmill, followed by Sidak’s post hoc test. (d) Representative immunofluorescent 
images of vessel density, microclots and BBB damage in the peri-infarct and contralateral areas for the stroke + rt-PA + no treadmill 
and stroke + rt-PA + treadmill groups. ROIs in the peri-infarct areas are shown in the first row and ROIs in the contralateral areas 
are shown in the second row. Graphics showing an example of the ROI (red box) location is shown in the graphics at the beginning 
of each row. Vessel density is shown in the first and third columns. Microclots and BBB damage are shown in the second and fourth 
columns. White arrows show microclots. (e) Left: Calculated vessel density for the peri-infarct and contralateral ROIs for the 
stroke + rt-PA + treadmill and stroke + rt-PA + no treadmill groups on day 28 post-stroke. Stroke + rt-PA + treadmill peri-infarct: 
n = 5 (female = 3, male = 2), slices n = 15, ROIs n = 30, contralateral: n = 5 (female = 3, male = 2), slices = 15, ROIs n = 15; stroke + rt-
PA + no treadmill peri-infarct: n = 5 (female = 3, male = 2), slices n = 15, ROIs n = 30, contralateral: n = 5 (female = 3, male = 2), 
slices = 15, ROIs n = 15. Middle: Number of microclots/ROI in the peri-infarct and contralateral areas for stroke + rt-PA + treadmill 
and stroke + rt-PA + no-treadmill groups on day 28 post-stroke. Stroke + rt-PA + treadmill peri-infarct: n = 5 (female = 3, male = 2), 
slices n = 20, ROIs n = 20, contralateral: n = 5 (female = 3, male = 2), slices n = 20, ROIs n = 20; stroke + rt-PA + no treadmill peri-
infarct: n = 5 (female = 3, male = 2), slices n = 20, ROIs n = 20, contralateral: n = 5 (female = 3, male = 2), slices n = 20, ROIs n = 20. 
Right: BBB leakage represented by fluorescence intensity of fibrinogen in the peri-infarct area for stroke + rt-PA + treadmill and 
stroke + rt-PA + no treadmill groups on day 28 post-stroke. Stroke + rt-PA + treadmill: n = 5 (female = 3, male = 2), slices n = 15, 
ROIs n = 15; stroke + rt-PA + no treadmill: n = 5 (female = 3, male = 2), slices n = 15, ROIs n = 15. Group comparisons were made 
using the two-tailed Mann–Whitney U test.
##p < 0.01. ***p < 0.001. ****p < 0.0001.
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Figure 5.  Monitoring of post-stroke CVE effects on functional outcomes and neuronal survivability. (a) Experimental timeline 
detailing pre-stroke training and MRI, stroke surgery, MRI and behaviour measurements, and day of euthanasia. (b) Representative 
images of the T2 hyperintense signal for both stroke + rt-PA + no treadmill (left) and stroke + rt-PA + treadmill (right) groups on 
day 14 post-stroke. (c) T2 hyperintense signal evolution from days 1 to 28. Stroke + rt-PA + treadmill n = 10 (female = 5, male = 5), 
stroke + rt-PA + no treadmill n = 10 (female = 5, male = 5). Changes in T2 hyperintense lesion volume were assessed using two-way 
repeated measures ANOVA with Sidak’s post hoc test. (d) Averaged time to contact (left) and time to removal (middle) from the 
adhesive removal test pre-stroke and on days 1, 3, 14 and 28. Stroke + rt-PA + treadmill n = 10 (female = 5, male = 5), stroke + rt-
PA + no treadmill n = 10 (female = 5, male = 5). Right: Comparison of the discrimination index calculated from the NOR test 
pre-stroke to days 3, 14 and 28 post-stroke. Stroke + rt-PA + treadmill n = 10 (female = 5, male = 5), stroke + rt-PA + no treadmill 
n = 10 (female = 5, male = 5). Group differences across time were analyzed using two-way repeated measures ANOVA with Sidak’s 
post hoc test. (e) Representative immunofluorescent images showing selective neuronal death and reactive astrogliosis in the 
peri-infarct and contralateral areas on day 28 post-stroke. The first row shows ROIs for the stroke + rt-PA + no treadmill group. 
The second row shows ROIs for the stroke + rt-PA + treadmill group. NeuN-positive cells in the periinfarct area are shown in the 
first column. GFAP-positive cells in the periinfarct area are shown in the second column. Both NeuN and GFAP-positive cells in 
the contralateral area are shown in the third column. ROI (white box) example locations can be found in the graphics at the top of 
each column. (Top right) Number of NeuN positive cells in the peri-infarct area on day 28 post-stroke. Stroke + rt-PA + treadmill 
n = 5 (female = 3, male = 2), slices n = 20, ROIs n = 20; stroke + rt-PA + no treadmill n = 5 (female = 3, male = 2), slices n = 20, ROIs 
n = 20. (Bottom right) Reactive astrogliosis shown as GFAP fluorescence intensity in the peri-infarct area on day 28 post-stroke. 
Stroke + rt-PA + treadmill n = 5 (female = 3, male = 2), slices n = 20, ROIs n = 20; stroke + rt-PA + no treadmill n = 5 (female = 3, 
male = 2), slices n = 15, ROIs n = 15. Data were compared using two-tailed Mann–Whitney U test.
*p < 0.05. ***p < 0.001. ****p < 0.0001.
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Individual level correlation analyses confirmed a sig-
nificant correlation between individual ASL perfusion val-
ues on day 14 and stroke outcomes (Supplemental Figure 
1(a)). Specifically, higher ASL perfusion values were asso-
ciated with smaller T2 signal, enhanced sensorimotor per-
formance, and improved cognitive function. This trend 
persisted though day 28, with elevated ASL perfusion con-
tinuing to correlate with more favourable outcomes across 
these measures (Supplemental Figure 1(b)).

Discussion

Reperfusion failure following stroke is increasingly recog-
nized as a critical yet incompletely understood phenome-
non. Using the thrombin model of stroke in rats – which 
allows for the formation of a real clot in situ, interaction 
with the endothelium, and thrombolytic treatment with 
rt-PA – this study offers valuable insights into the extent, 
potential mechanisms, and mitigation of reperfusion fail-
ure after stroke and IVT. While this model has been exten-
sively characterized in mice,25 its application in rats has 
been more limited.33 Even though it requires craniotomy 
and arterial puncture, the risk of subarachnoid haemor-
rhage or other bleeding complications is minimal, and 
mortality was low in our study accordingly (6 out of 64 
rats died prematurely throughout the experiments). The 
thrombin model’s use in rats enabled us to perform com-
plex behavioural assessments, offering a robust foundation 
for translational stroke research.

Our findings highlight the significant effect of IVT 
while also revealing a persistent impairment in microvas-
cular reperfusion despite successful recanalization of the 
occluded vessel. As expected, rats treated with rt-PA 
exhibited significantly higher levels of reperfusion and 
smaller infarct volumes compared to sham-treated stroke 
animals, consistent with previous reports using the same 
model in rodents.9,25,26,33,34 Although the effect of rt-PA on 
reperfusion was significant on day 1 and less pronounced 
on day 7, this early enhancement of CBF within the 
affected area might be sufficient to reduce infarct size on 
day seven. Nevertheless, despite successful thrombolysis 
and recanalization of the MCA, reperfusion only reached 
approximately 65% of baseline levels by the end of the 
LSCI recording. This finding confirms that the extent of 
reperfusion failure in rats mirrors that observed in mice in 
the acute phase of stroke.9,26

Several mechanisms have been implicated in this 
impaired microvascular reperfusion, including neutrophil 
stalls, gene expression changes compromising BBB integ-
rity, loss of vascular tone, abnormal vessel constriction and 
capillary pericyte damage,9,10,35–37 Whilst most existing 
studies focus primarily on the acute and subacute phase 
post-stroke, our findings provide new insights into the per-
sistence of these microvascular abnormalities. Specifically, 
we reveal that, although larger vessels regain functionality 

post-IVT, a significant chronic hypoperfusion persists, 
until at least day 28 after stroke, a previously underex-
plored facet of post-stroke pathology.

Further support for ongoing microvascular dysfunction 
comes from our immunofluorescence analyses, which 
implicates microclot formation and BBB damage as key 
contributors to inadequate tissue reperfusion. Despite 
improvements in outcomes post-stroke with rt-PA treat-
ment, significant deficits and lesions persisted, highlight-
ing the need for adjunctive therapeutic strategies to address 
reperfusion failure and the subsequent chronic hypoperfu-
sion that follows.

It is well established that CVE benefits overall health, 
and in healthy individuals, it significantly increases CBF, 
with transcranial Doppler studies reporting an exponential 
rise in MCA velocity – ranging from 13.4 to 15.5 cm/s 
depending on the hemisphere – during moderate-intensity 
exercise, thereby enhancing oxygen and nutrient delivery 
to the brain.38,39 Multiple clinical studies have shown that 
CVE preconditioning not only lowers stroke risk but also 
reduces stroke severity and improves functional recov-
ery.40–42 Moreover, post-stroke CVE has been associated 
with reduced lesion volumes, increased cell survival, and 
enhanced motor and cognitive functions when initiated 
early and at moderate intensity in rodents.43–45 Despite 
these insights, the impact of CVE on reperfusion failure 
following stroke remains largely unexplored. While pre-
clinical studies in rodent models have demonstrated that 
CVE improves cerebral perfusion and promotes angiogen-
esis, its impact on the progression of reperfusion, particu-
larly from the acute to chronic stages of stroke, has not 
been thoroughly investigated.14,15,32,43 Specifically, how 
CVE influences the persistence or resolution of microvas-
cular reperfusion failure over time remains unclear.

In our study, we provide evidence that moderate CVE, 
initiated shortly after stroke, mitigates reperfusion failure 
and improves chronic hypoperfusion, and that this effect 
translates into smaller infarct lesions and better functional 
outcomes. Remarkably, perfusion in the lesion area 
exceeded baseline levels 12 days after exercise cessation, 
indicating a sustained and potentially compensatory vas-
cular response. These benefits were more pronounced in 
stroke rats undergoing CVE compared to sham stroke rats 
receiving CVE, emphasizing the role of exercise in enhanc-
ing cerebral perfusion, mitigating reperfusion failure and 
supporting recovery after stroke.

These findings suggest that CVE may exert its effects 
on reperfusion in a phase-specific manner. During the 
sub-acute phase, exercise may alleviate reperfusion fail-
ure by enhancing vasodilation, improving endothelial 
function and BBB integrity, and increasing fibrinolytic 
activity.46,47 Mechanistically, this is supported by our 
observations that CVE reduced microclot burden and 
BBB leakage. Beyond the sub-acute stage, CVE is likely 
to support recovery through promotion of angiogenesis by 
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inducing pro-angiogenic signals such as MT1-MMP and 
Tie-2.14,32 Accordingly, in our study, CVE led to increased 
vessel density in the peri-infarct area, which may improve 
reperfusion and long-term tissue repair. While our results 
strongly support a role of CVE in promoting long-term 
vascular remodelling and recovery, the timing, spatial dis-
tribution, and specific mechanisms of exercise-induced 
angiogenesis remain to be fully elucidated.

In individual animals, higher perfusion values assessed 
using ASL post-stroke correlated strongly with smaller T2 
lesion volumes, improved sensorimotor performance and 
enhanced cognitive function, reinforcing the hypothesis that 
increased cerebral perfusion may support neuroplasticity 
and tissue repair. Importantly, these benefits persisted 
throughout the sub-acute stage, with increased vessel den-
sity and improved reperfusion evident up to 28 days post-
stroke, suggesting that CVE may facilitate enduring changes 
in vascular architecture and functional connectivity.

Our findings align with the growing body of evidence 
that non-pharmacological interventions like CVE can 
serve as essential adjuncts to pharmacologic treatments for 
stroke.14,15,32 CVE is attractive from a translational per-
spective because it is widely accessible, generally safe, 
and can be integrated into rehabilitation programs. 
However, clinical data also highlight important caveats. 
The AVERT trial and follow-up studies, for example, 
reported that very early and intensive mobilization after 
stroke was associated with poorer outcomes, in contrast to 
the beneficial effects of post-stroke CVE observed in our 
rat model.48 These divergent results may reflect differ-
ences in timing and exercise dose, but also the inherent 
challenges of delivering and standardizing exercise-based 
interventions across diverse patient populations, clinical 
environments and countries.49 Future studies should there-
fore aim to define optimal parameters, such as intensity, 
timing and duration, for exercise interventions, potentially 
using an individualized approach to maximize recovery 
benefits.50

Finally, combining CVE with pharmacological agents 
that protect the BBB or modulate the inflammatory 
response could offer synergistic benefits, further reducing 
reperfusion failure and enhancing stroke recovery. Our 
findings provide a strong rationale for continued investiga-
tion into integrated therapeutic strategies and highlight the 
thrombin stroke model in rats as a valuable platform for 
such translational research.
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