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Ischemic stroke (IS) is the second leading cause of mortality 
and a major contributor to long-term morbidity world-

wide. Revascularization with r-tPA (recombinant tissue-type 
plasminogen activator) and mechanical thrombectomy for 
large vessel occlusions are the only acute treatment options 
currently available.1 In patients with stroke, the coadminis-
tration of platelet inhibitors during thrombolysis to improve 
microvascular patency is associated with an increased intra-
cerebral bleeding risk.2 Moreover, the efficacy of currently 
approved platelet inhibitors is limited. Consequently, novel 

antithrombotic compounds with better benefit-risk ratios are 
urgently needed.

Novel antiplatelet agents currently investigated are phos-
phodiesterase (PDE) inhibitors.3,4 More than 60 different iso-
forms of PDEs are described in mammalian tissue, grouped into 
11 broad families (PDE-1 to PDE-11). By catalyzing the hy-
drolysis of cAMP and cGMP, PDEs limit intracellular levels of 
cyclic nucleotides and thus regulate the amplitude, duration, and 
compartmentation of cyclic nucleotide signaling.3,5 cAMP and 
cGMP are 2 critical intracellular second messengers regulating 
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Background and Purpose—Acetylsalicylic acid and clopidogrel are the 2 main antithrombotic drugs for secondary 
prevention in patients with ischemic stroke (IS) without indication for anticoagulation. Because of their limited efficacy 
and potential side effects, novel antiplatelet agents are urgently needed. Cilostazol, a specific phosphodiesterase (PDE)-
3 inhibitor, protected from IS in clinical studies comprising mainly Asian populations. Nevertheless, the detailed 
mechanistic role of PDE-3 inhibitors in IS pathophysiology is hardly understood. In this project, we analyzed the efficacy 
and pathophysiologic mechanisms of a novel and only recently described PDE-3 inhibitor (substance V) in a mouse 
model of focal cerebral ischemia.

Methods—Focal cerebral ischemia was induced by transient middle cerebral artery occlusion in 6- to 8-week-old male 
C57Bl/6 wild-type mice receiving substance V or vehicle 1 hour after ischemia induction. Infarct volumes and functional 
outcomes were assessed between day 1 and day 7, and findings were validated by magnetic resonance imaging. Blood-
brain barrier damage, as well as the extent of local inflammatory response and cell death, was determined.

Results—Inhibition of PDE-3 by pharmacological blockade with substance V significantly reduced infarct volumes and 
improved neurological outcome on day 1 and 7 after experimental cerebral ischemia. Reduced blood-brain barrier 
damage, attenuated brain tissue inflammation, and decreased local cell death could be identified as potential mechanisms. 
PDE-3 inhibitor treatment did neither increase the number of intracerebral hemorrhages nor affect platelet function.

Conclusions—The novel PDE-3 inhibitor substance V protected mice from IS independent from platelet function. 
Pharmaceutical inactivation of PDE-3 might become a promising therapeutic approach to combat IS via inhibition of 
thromboinflammatory mechanisms and stabilization of the blood-brain barrier.

Visual Overview—An online visual overview is available for this article.   (Stroke. 2019;50:478-486. DOI: 10.1161/
STROKEAHA.118.023664.)
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fundamental platelet processes. Therefore, inhibition of platelet 
aggregation via PDE blockade has shown great benefit for the 
treatment of ischemic cardiovascular disease.3 Inhibitors of the 
PDE-3 subfamily (eg, cilostazol and milrinone) are nowadays 
used for peripheral artery disease.6 In addition to positive pre-
clinical studies, large randomized controlled trials have been 
performed in Asia testing cilostazol versus acetylsalicylic acid 
in patients with acute IS.7–10 Cilostazol was noninferior in pre-
venting further IS and, importantly, showed lower rates of in-
tracranial hemorrhages.3,7,8 Because of potential side effects of 
the currently available PDE-3 inhibitors and also their limited 
efficacy, which is potentially related to their unspecific mode 
of action, recently, novel PDE-3 inhibitors with superior speci-
ficity, lower side effects, and increased inhibitory potency have 
been developed.11,12 So far these novel inhibitors have not yet 
been evaluated in an experimental stroke model.

The aim of this study was to characterize a prototypic 
member of this class of novel PDE-3 inhibitors (substance V) 
about safety and efficacy and to delineate the underlying in 
vivo mechanisms in a mouse model of brain ischemia/reper-
fusion injury.

Methods
This article adheres to the American Heart Association Journals 
implementation of the Transparency and Openness Promotion 
Guidelines. The detailed experimental description can be found in the 
online-only Data Supplement (including Tables I and II and Figures 
I and II in the online-only Data Supplement). Data that support the 
findings of this study are available from the corresponding author on 
reasonable request.

Animals
All animal experiments were approved by local animal care commit-
tees (Regierung von Unterfranken) and were conducted in accord-
ance with the US National Institutes of Health Guide for the Care 
and Use of Laboratory Animals. The experiments were designed, per-
formed, and reported according to the Animal Research: Reporting 
of In Vivo Experiments guidelines.13 All male C57Bl/6 mice were 
purchased from Charles River Laboratories (Sulzfeld, Germany). We 
randomized the mice and conducted transient middle cerebral artery 
occlusion (tMCAO) for 60 minutes as described previously.14

Animal Treatment
The PDE-3 inhibitor substance V (provided by G.J. Kumar and Dr 
Vaidya; 0.5 mg/kg body weight, dissolved in 0.5 % dimethyl sulf-
oxide [DMSO]), cilostazol (Sigma Aldrich, Germany; 10 mg/kg body 
weight, dissolved in 0.5 % DMSO), or vehicle (0.5 % DMSO) were 
given by an intraperitoneal injection before tMCAO or directly after 
reperfusion, that is, 60 minutes after inserting the occluding thread 
in the MCA.

Assessment of Functional Outcome
Global neurological deficits were quantified according to the 
Bederson score.15 To monitor motor function and coordination, the 
grip test was used.16 Neurological outcome was assessed 24 hours 
after stroke.

Analysis of Infarct Size by 
2,3,5-Triphenyltetrazolium Chloride Staining 
and Magnetic Resonance Imaging
We analyzed infarct size by vital staining using 2% (wt/vol) 2,3,5-tri-
phenyltetrazolium chloride (TTC) in phosphate buffer. Magnetic 

resonance imaging was performed by serial measurements on a 3.0T 
unit (MAGNETOM Trio, SIEMENS, Erlangen, Germany).

Determination of Blood-Brain Barrier Leakage and  
Brain Edema Formation
Blood-brain barrier (BBB) leakage after stroke by injecting the vas-
cular tracer Evans blue and brain edema formation were determined 
as described previously.17

Protein Extraction, Western Blot Analysis, and 
Quantitative Real-Time Polymerase Chain Reaction
Protein extraction and Western blot analysis were performed accord-
ing to standard procedures.17 Quantitative real-time polymerase chain 
reaction was performed as described previously.18

Histology, Immunohistochemistry, and TUNEL  
Assay
We stained mouse brains with antibodies against CD11b (Bio-Rad, 
MCA711), CD31 (Bio-Rad MCA2388GA), Claudin-5 (Thermo 
Fisher Scientific, 34–1600), Ly-6B (Bio-Rad, MCA771G), NeuN 
(Merck-Millipore, MAB377), and TUNEL (Sigma Aldrich, In situ 
Cell Death Detection Kit, TMR red, 12156792910).

Platelet Functional Assays
Determination of platelet counts, flow cytometry assays, prepara-
tion of washed platelets, in vitro aggregometry, and platelet adhesion 
under flow was performed as described previously.19,20

Statistical Analysis
All results are expressed as mean±SEM. For statistical analysis, the 
GraphPad Prism 6 software package was used. Data were tested for 
Gaussian distribution with the D’Agostino-Pearson omnibus nor-
mality test and then analyzed by 1-way ANOVA or in the case of 
measuring the effects of 2 factors simultaneously by 2-way ANOVA 
with post hoc Bonferroni adjustment for P values. Nonparametric 
functional outcome scores were compared by Kruskal-Wallis test 
with post hoc Dunn corrections. If only 2 groups were compared, an 
unpaired, 2-tailed Student t test, or in the case of nonparametric func-
tional outcome, the Wilcoxon-Mann-Whitney U test, was applied. 
Probability values <0.05 were considered to indicate statistically sig-
nificant results.

Results
Substance V Regulates Cyclic Nucleotide Signaling in  
the Brain and Improves Stroke Outcome in  
Wild-Type Mice
PDE-3 inhibitors mainly act by preventing the hydrolysis of 
cAMP.5 Therefore, we first assessed the total levels of cAMP 
in brain tissue after vehicle- or substance V treatment. In 
line with a previous report,3 substance V treatment showed 
significantly higher cAMP accumulation in the brain tissue 
(Figure 1A). We next analyzed whether substance V protects 
from acute IS in a clinically relevant setting. For this purpose, 
C57Bl/6 wild-type mice were subjected to 60 minutes of 
tMCAO and treated with substance V before tMCAO (Figure 
III in the online-only Data Supplement) or immediately after 
reperfusion (Figure 1B). In substance V–treated mice in-
farct volumes on day 1 were significantly reduced compared 
with vehicle treatment without an increase of cerebral bleed-
ing complications as histologically assessed with the use 
of the TTC stainings. Accordingly, functional outcome was 
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improved in the treatment group on day 1 using the Bederson 
score and the grip test (Figure 1C).

Feared complications of antithrombotic treatment after 
acute IS are intracranial hemorrhages.21 Therefore, we analyzed 
the consequences of substance V treatment on the dynamics 
of infarct development by serial magnetic resonance imaging 
in vivo (Figure 1D). Confirming the TTC-based planimetry 
(Figure 1B), the extension of cerebral infarction as delineated 
by the T2-weighted hyperintense lesion of substance V–treated 
mice was significantly smaller than in vehicle-treated mice 1 
day after tMCAO. Furthermore, the size of infarctions of sub-
stance V–treated mice by sequential magnetic resonance im-
aging remained smaller compared with vehicle-treated mice 
until day 7 after tMCAO, excluding delayed infarct growth. In 
all animals hypointense areas, which typically indicate hem-
orrhages in T2-weighted images, were absent, supporting the 

observation that treatment with substance V does not increase 
the risk of cerebral hemorrhage compared with vehicle treat-
ment, even at later stages of infarct development.

Substance V Stabilizes BBB After Stroke
BBB disruption and subsequent edema formation can cause 
clinical deterioration up to cerebral herniation. Given the 
known BBB stabilizing properties of PDE inhibitors, we first 
evaluated the stroke-related consequences of substance V on 
BBB structure and function.4,22 The extent of edema formation 
on day 1 after tMCAO, as reflected by the concentration of 
the vascular tracer Evans blue leaking into the brain paren-
chyma, was markedly reduced in the ipsilesional hemispheres 
of substance V–treated mice in comparison to vehicle-treated 
controls (Figure 2A). This finding correlated with a similar re-
duction in brain water content in mice receiving substance V 

Figure 1. Therapeutic treatment with substance V (Sub V) reduces stroke severity without increasing the risk of intracerebral hemorrhages. A, Levels 
of cAMP in the brain tissue of vehicle-treated mice (0.5% dimethyl sulfoxide) or mice treated with 0.5 mg/kg Sub V at 6, 12, and 24 h after treatment 
(n=8–10). B, Left, Representative 2,3,5-triphenyltetrazolium chloride staining of 3 corresponding coronal brain sections of vehicle- or 0.5 mg/kg Sub 
V–treated mice euthanized 24 h after transient middle cerebral artery occlusion (tMCAO; scale bar=10 mm). The infarcts (white) appear smallest in 
the Sub V–treated mice and this could be confirmed by infarct volumetry (right; n=12–13). C, Bederson score (left) and grip test (right) on day 1 after 
tMCAO in the 2 mouse groups indicated above (n=12–13). D, Left, Serial coronal T2-weighted gradient echo magnetic resonance images (MRI) show 
extensive hyperintense (bright) ischemic lesions (arrows) in vehicle-treated mice on day 1 and 7 after tMCAO, whereas the infarctions were smaller in 
Sub V–treated mice. One representative imaging panel per group is depicted. Right, MRI based infarct volumetry (n=7–8). Statistical significances ana-
lyzed by (A) 2-way ANOVA with Bonferroni post hoc test, (B) Student t test, (C) Mann-Whitney U test, and (D) 1-way ANOVA with Bonferroni post hoc 
test. *P<0.05 and **P<0.01.
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after tMCAO (Figure 2B). In line with these findings, the ex-
pression of the tight junction protein claudin-3 was increased 
in cortices and basal ganglia of substance V–treated compared 
with vehicle-treated mice (Figure 2C). Accordingly, immu-
nohistochemistry of infarcted brain tissue from substance 
V–treated animals consistently confirmed preserved tight 
junction expression, in this case claudin-5, at the cerebral 
microvessels 24 hours after tMCAO (Figure 2D).

Substance V Reduces Inflammation After Stroke
We further analyzed downstream signaling of cAMP accumu-
lation in the brain tissue and found elevated levels of phos-
phorylated PKA (protein kinase A) in the ipsilesional cortex 
and basal ganglia of substance V–treated mice 24 hours after 
tMCAO (Figure 3A). This leads to a reduction of NF-κB (nu-
clear factor-κB) p65 protein expression (Figure 3A) caused by 

downregulation of p65 gene expression levels in the same tis-
sue (Figure IV in the online-only Data Supplement). NF-κB is 
a central regulator of inflammatory response which is required 
for the transcriptional induction of many proinflammatory 
mediators involved in innate immunity.23 To assess whether 
this and the maintenance of the BBB in substance V–treated 
mice have an effect on the invasion of inflammatory cells,24 
we determined the amount of macrophages/microglia and 
neutrophils in the ischemic hemisphere by immunocytochem-
istry (Figure 3B). Until day 1 after stroke, less immune cells 
entered the ipsilesional hemispheres of substance V–treated 
mice. Additionally, we analyzed the gene expression profiles of 
several prototypic proinflammatory cytokines in the ischemic 
cortices and basal ganglia of substance V– and vehicle-treated 
mice 24 hours after tMCAO (Figure 3C). The mRNA expres-
sion of all tested cytokines, TNF (tumor necrosis factor)-α, IL 

Figure 2. Substance V (Sub V) shows blood-brain barrier stabilization and antiedematous effects in ischemic stroke. A, Left, Representative corresponding 
coronal brain sections of vehicle-treated mice and mice treated with 0.5 mg/kg Sub V after the injection of the vascular tracer Evans blue. Brains were ana-
lyzed on day 1 after transient middle cerebral artery occlusion (tMCAO; scale bar=10 mm). Vascular leakage was decreased in the cortical and subcortical 
areas after Sub V treatment. Right, Tissue concentration of Evans blue in the ischemic (ipsi) and contralateral (contra) hemispheres of treated and untreated 
mice 24 h after tMCAO determined by photometry (n=9–10). B, Edema formation as measured by brain water content in the ischemic (ipsi) and contralateral 
(contra) hemispheres of vehicle- or Sub V–treated mice 24 h after tMCAO (n=8). C, Left, Claudin-3 protein expression in the ischemic hemispheres of vehicle-
treated mice and mice treated with 0.5 mg/kg Sub V on day 1 after tMCAO as determined by immunoblot. Actin was used as loading control. Right, Densi-
tometric quantification of claudin-3 immunoreactivity in the ipsilateral cortex (ci) and ipsilateral basal ganglia (bi) of controls and Sub V–treated mice (n=4). D, 
Immunohistochemistry confirmed that tight junction integrity (anticlaudin-5, green) between cerebral endothelial cells (anti-CD31, red) was markedly reduced 
in vehicle-treated mice compared with mice treated with Sub V on day 1 after tMCAO. Hoechst staining (blue) depicts DNA. One representative panel per 
group out of 3 independent experiments is shown. Scale bar=20 µm. Statistical significances analyzed by (A and B) 1-way ANOVA with Bonferroni post hoc 
test and (C) Student t test. *P<0.05 and **P<0.01.
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(interleukin)-1β, and IL-6, was significantly reduced in sub-
stance V–treated animals.

Stroke Protective Effect of Substance V 
Depends Also on Enhanced Neuroprotection
Another well-established mechanism of tissue damage in 
IS is neuronal apoptosis. It has previously been shown that 

PDE inhibitors dampen neuronal damage in acute brain 
injuries.4,10,25 Therefore, we aimed to clarify the underlying 
mechanism of a possible neuroprotective effect of substance 
V. Looking for 2 cellular pathways which are known to be 
involved in neuroprotection, we found elevated expression 
levels of phosphorylated eNOS (endothelial nitric oxide 
synthase) and phosphorylated AKT (protein kinase B) in 

Figure 3. Substance V (Sub V) exerts anti-inflammatory effects in ischemic stroke. A, Intracellular downstream signaling of cAMP in the ipsilesional cortex (ci) 
and basal ganglia (bi) of vehicle- and Sub V–treated mice was analyzed by immunoblotting 24 h after transient middle cerebral artery occlusion (tMCAO) using 
antibodies against NF-κB (nuclear factor-κB) p65 and PKA (protein kinase A). The protein phosphorylation was expressed as a relative amount of phosphoprotein 
to total protein. Actin was used as loading control. In addition to the densitometric quantification, one representative immunoblot is shown (n=4–5). B, Left, Rep-
resentative immunocytochemical staining against CD11b+ macrophages/microglia and against Ly-6B.2+ neutrophils in the ischemic hemisphere of vehicle-treated 
mice and mice treated with 0.5 mg/kg Sub V. Scale bar=100 µm. Right, Quantification of CD11b+ macrophages/microglia and Ly-6B.2+ neutrophils per slice in 
the infarcted hemispheres on day 1 after tMCAO (n=4). C, Relative gene expression of TNF (tumor necrosis factor)-α, IL (interleukin)-1β, and IL-6 in the ischemic 
cortices (top) and basal ganglia (bottom) of vehicle- and Sub V–treated mice 24 h after tMCAO (n=4–5). Statistical significances analyzed by (A, B, and C) Stu-
dent t test and (B; Ly-6B.2+ cells) Mann-Whitney U test. *P<0.05, **P<0.01, and ***P<0.001.
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substance V–treated mice (Figure 4A). Furthermore, immu-
nolabeling with NeuN and TUNEL indicated reduced neu-
ronal apoptosis in substance V–treated mice 24 hours after 

tMCAO (Figure 4B). Additionally, we assessed the extent 
of neuronal apoptosis by Western blot against caspase-3 and 
cleaved caspase-3 (Figure 4C). The intensity of caspase-3 

Figure 4. Substance V (Sub V) has an enhanced neuroprotective effect in ischemic stroke. A, Relative expression of the phosphorylated form of eNOS (endothelial 
nitric oxide synthase) and AKT (protein kinase B) in the ipsilesional cortex (ci) and basal ganglia (bi) of vehicle- and Sub V–treated mice 24 h after transient middle 
cerebral artery occlusion (tMCAO) determined by immunoblot and densitometric quantification of the bands (n=4–5). The protein phosphorylation was expressed 
as a relative amount of phosphoprotein to total protein. Actin was used as loading control. B, Left, Representative brain sections from vehicle-treated and Sub V 
(0.5 mg/kg)–treated mice 24 h after tMCAO immunolabeled for the neuronal marker NeuN and subjected to TUNEL to depict apoptosis (scale bar=25 µm). Right, 
The number of TUNEL-positive neurons in the ischemic hemispheres of controls and Sub V–treated mice on day 1 after tMCAO (n=4). C, Left, Caspase-3 and 
cleaved caspase-3 protein expression in the ipsilesional cortex (ci) and basal ganglia (bi) of vehicle-treated mice and mice treated with 0.5 mg/kg Sub V on day 1 
after tMCAO as determined by immunoblot. Right, Densitometric quantification of caspase-3 and cleaved caspase-3 immunoreactivity in the ischemic regions of 
controls and Sub V–treated mice (n=4). Statistical significances analyzed by (A and C) Student t test and (B) Mann-Whitney U test. *P<0.05 and ***P<0.001.
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protein expression in the ipsilesional cortices and basal gan-
glia of substance V–treated animals was preserved in com-
parison to vehicle-treated mice, whereas the intensity of 
cleaved caspase-3 is elevated in vehicle-treated mice indicat-
ing less conversion of caspase-3 into its proapoptotic effec-
tor enzyme.26

Substance V Does Not Alter Platelet Function
Given the fact that one main target of PDE inhibitors is plate-
lets,3 we analyzed the direct effect of substance V treatment 
on platelets and their function (Table; Table III in the online-
only Data Supplement). In addition to unchanged platelet 
counts, there was no significant difference in platelet activa-
tion reflected by αIIbβIII integrin activation and p-selectin ex-
posure in ex vivo and in vitro analysis of substance V– and 
vehicle-treated platelets. Furthermore, we analyzed thrombin- 
and collagen-dependent platelet aggregation with in vitro 
aggregometry, and platelet adhesion on collagen underflow 
via surface coverage and relative thrombus volume determi-
nation. There was no difference between substance V and 
vehicle-treated animals.

Superior Therapeutic Outcome of Substance 
V Treatment in Comparison to Cilostazol
Finally, we aimed to examine whether substance V treatment 
is as effective as treatment with cilostazol, which has been 
shown to effectively reduce stroke damage after experimental 
stroke.9,10 Administration of substance V reduced infarct vol-
umes and also improved functional outcome on day 1 after 
tMCAO in comparison to control mice and also mice treated 
with cilostazol (Figure 5A and 5B).

Discussion
In the present study, we demonstrate that the novel PDE-3 inhib-
itor substance V protects from stroke in a clinically meaningful 
setting. Therapeutic administration after the onset of ischemia 
reduced infarct volume and improved neurological outcome. 
The protective effect was driven by a combination of BBB sta-
bilization, the reduction of the local inflammatory response 
in the brain and reduced apoptotic mechanisms. Importantly, 
the protective effect seems to be independent of platelet func-
tion. Clinically relevant, the novel PDE-3 inhibitor substance V 
seems to have superior protective effects compared with cilo-
stazol, a well-known PDE-3 inhibitor approved for peripheral 
artery disease and investigated in large clinical IS studies.8,9

Within their function as modulators of intracellular 
cAMP and their wide distribution in the brain, PDEs are 
viable therapeutic targets in neurological disorders of neu-
ronal survival (Huntington disease), cognition and memory 
(Alzheimer disease), mood (anxiety, depression), and thought 
(Schizophrenia).27–31 Additionally, PDEs show beneficial 
effects after ischemia-reperfusion injury in different organs 
such as the lung, the kidney, the gut, and especially the 
brain.4,32–34 These largely consistent findings in CNS disorders 
of different causes support the principal therapeutic potential 
of PDE inhibitors in the field of neurology.

The observation of a substantial reduction in proinflam-
matory cytokine levels, edema formation, and immune cell 
invasion into the brain induced by application of a PDE-4 in-
hibitor (rolipram) supports our findings.4 Also, another PDE-3 
inhibitor (cilostazol) had already been described as neuropro-
tective against brain ischemia.10,35 In these studies, cilostazol 
decreased ischemic brain infarction in association with inhibi-
tion of apoptotic and oxidative cell death,35 reduction of hem-
orrhagic transformation, and reduction in BBB permeability.22

In our experimental setup, treatment with substance V did 
not show direct effects on platelets. Therefore, it can be assumed 
that platelet-specific effects play at the most a minor role in the 
stroke protection observed in substance V–treated mice. In con-
trast, substance V treatment significantly reduced the numbers 
of neutrophils and macrophages/activated microglia invading 
the brain after tMCAO. Neutrophils and macrophages/microglia 
have been shown to be involved in stroke development by pro-
ducing free radicals and other neurotoxic factors.36 Nevertheless, 
the pathophysiological role of neutrophils in IS development 
in rodents and humans has not fully been understood so far.37 
The expression of soluble immune mediators was altered in 
substance V–treated animals: mice expressed lower amounts of 
proinflammatory TNF-α, IL-1β, and IL-6 in the ipsilateral cor-
tices and basal ganglia. TNF-α, IL-1β, and IL-6 are prototypic 
cytokines that contribute to ischemia-reperfusion injury.38

Table. Platelet Activation After Vehicle or Sub V Treatment

Vehicle Sub V

nMean SE Mean SE

Ex vivo

    αIIbβIII activation (Jon/A-PE [MFI])

     Resting 26 1.354007 25.5 0.288675 4

     ADP (10 µmol/
L)+U46 (3 µmol/L)

405.5 2.533114 401.75 7.509715 4

     Thrombin (20 mU/
mL)

328 5.944185 352 2.972093 4

    p-selectin exposure (anti-P-selectin-FITC [MFI])

     Resting 9.25 0.629153 8.75 0.478714 4

     ADP (10 µmol/
L)+U46 (3 µmol/L)

57.5 3.796929 57.75 3.497023 4

     Thrombin (20 mU/
mL)

112.25 1.931105 114.5 2.986079 4

In vitro

    αIIbβIII activation (Jon/A-PE [MFI])

     Resting 14.975 0.521816 16.05 0.847054 4

     ADP (10 µmol/
L)+U46 (3 µmol/L)

181 9.58297 209 4.143268 4

     Thrombin (20 mU/
mL)

264 6.55744 291.5 10.10363 4

    p-selectin exposure (anti-P-selectin-FITC [MFI])

     Resting 9.1825 0.760465 9.5575 1.130829 4

     ADP (10 µmol/
L)+U46 (3 µmol/L)

31.125 3.707734 35.075 2.409141 4

     Thrombin (20 mU/
mL)

89.925 3.343745 101.875 1.640821 4

No significant differences were observed between the groups, 2-tailed Student 
t test. ADP indicates adenosindiphosphat; FITC, fluorescein isothiocyanate; MFI, 
median fluorescent intensity; and Sub V, substance V.
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Our observations in the tMCAO model are in good ac-
cordance with previous in vitro and in vivo studies describing 
PDE-3 inhibition dependent cAMP increase, downstream in-
crease of phospho-PKA, phospho-eNOS, and phospho-AKT, 
and decrease of NF-κB. Therefore, PDE-3 can be considered 
as an important anti-inflammatory and antiapoptotic signaling 
mediator.39,40 The neuroprotective mechanisms of substance V 
in stroke have to be further investigated in different stroke mod-
els (eg, hypertensive animals) to increase translational validity.

Recently, a study showed that in mouse models of sciatic 
nerve crush and lung fibrosis low cAMP levels reduce the re-
lease of endogenous tPA leading to impaired fibrin degradation. 
This effect was partially reversible by forskolin which, similar to 
substance V, increases intracellular cAMP levels.4,41 Therefore, 
enhancement of fibrinolysis via PDE-3 inhibition could addi-
tionally contribute to the protective effects of substance V.

Taken together, substance V improves stroke outcome by 
modulating pivotal mechanisms of ischemic neurodegeneration 
such as BBB disruption, inflammation, and neuronal apoptosis. 
Given our finding that substance V protects mice better than 
cilostazol and given the fact that currently there are ongoing 
clinical trials employing cilostazol in IS, substance V might be-
come the new lead compound within the class of PDE-3 inhibi-
tors and could move forward towards clinical trials.42 One has to 
bear in mind, however, that the safety and efficacy of substance 
V in patients with stroke are unknown so far and findings from 
animal experiments cannot be easily transferred to the human 
situation as seen in PDE-3 inhibition in patients with multiple 
sclerosis.43 Another unresolved issue is the optimum dosage, the 
time point and delivery of substance V, that is, single versus 
continuous application, as well as its long-term effects in the 

setting of acute IS. In addition, based on our experiments it 
cannot be concluded that substance V reduces stroke risk. To 
address that question, a completely different experimental de-
sign including a model of spontaneous IS would be necessary. 
Furthermore, in future studies, potential interactions between 
substance V and r-tPA have to be investigated as it is known that 
parallel treatment with acetylsalicylic acid and r-tPA increases 
the risk for bleeding complications. In conclusion, our study 
demonstrates that the PDE-3 inhibitor substance V protects 
from IS in a clinically meaningful setting by a combined antie-
dematous, anti-inflammatory, and neuroprotective mechanism. 
Modulation of the PDE-3 cAMP signaling pathway might be-
come a novel effective and safe strategy to combat IS and pos-
sibly other thromboembolic disorders in the future.
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