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Abstract

Plasma kallikrein (PKa) has been implicated in contributing to hemorrhage following thrombolytic
therapy; however, its role in spontaneous intracerebral hemorrhage is currently not available. This
report investigates the role of PKa on hemorrhage and hypertension in stroke-prone spontaneously
hypertensive rats (SHRSP). SHRSP were fed with a high salt—containing stroke-prone diet to
increase blood pressure and induce intracerebral hemorrhage. The roles of PKa on blood pressure,
hemorrhage, and survival in SHRSP were examined in rats receiving a PKa inhibitor or plasma
prekallikrein antisense oligonucleotide (PK ASO) compared with rats receiving control ASO.
Effects on PKa on the proteolytic cleavage of atrial natriuretic peptide (ANP) were analyzed by
tandem mass spectrometry. We show that SHRSP on high-salt diet displayed increased levels

of PKa activity compared with control rats. Cleaved kininogen was increased in plasma during
stroke compared to SHRSP without stroke. Systemic administration of a PKa inhibitor or PK
ASO to SHRSP reduced hemorrhage and blood pressure, and improved neurological function and
survival compared with SHRSP receiving control ASO. Since PKa inhibition was associated with
reduced blood pressure in hypertensive rats, we investigated the effects of PKa on the cleavage of
ANP. Incubation of PKa with ANP resulted in the generation fragment ANP5_»g, which displayed
reduced effects on blood pressure lowering compared with full length ANP. PKa contributes to
increased blood pressure in SHRSP, which is associated with hemorrhage and reduced survival.
PKa-mediated cleavage of ANP reduces its blood pressure lowering effects and thereby may
contribute to hypertension-induced intracerebral hemorrhage.
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Hypertension is a leading risk factor for spontaneous intracerebral hemorrhage and is
associated with hematoma expansion, neurological deterioration, and poor outcome [1,2,3].
Elevated blood pressure is present in approximately 80% of patients with acute intracerebral
hemorrhage on admission, even without a history of previous hypertension [3,4,5]. Patients
with transient or sustained high blood pressure are a risk factor for recurrent hemorrhage
within the first 24 h after the onset of intracerebral hemorrhage [6]. In a systematic review,
systolic blood pressure elevations of 10 mmHg were associated with near 40% increased risk
of hemorrhagic stroke [6,7]. Treatments to reduce the risk of hemorrhage in hypertensive
patients are needed to minimize the high morbidity and mortality associated with this
disease.

Plasma kallikrein (PKa) is a serine protease activated from plasma prekallikrein (PK) by
factor Xlla (FXIla). PKa exerts effects on vascular function, inflammation, the intrinsic
coagulation cascade, and complement [8,9]. While deficiencies in FXII and PK do not
significantly affect bleeding associated with peripheral vascular injury, recent reports have
demonstrated that these proteins can promote hemorrhage in the retina and brain [10].
Intravitreal injection of PKa induces retinal microvascular hemorrhages, and intracerebral
injection of PKa increases intracranial bleeding [9,11]. PK deficiency and PKa inhibition
ameliorates hematoma formation following cerebrovascular injury in diabetic animals

[9]. Moreover, both PK and FXII deficiency are protective against hemorrhage caused

by tissue plasminogen activator-mediated thrombolytic therapy in mice with thrombotic
middle cerebral artery occlusion [12]. These findings have implicated the role of PKa in
hemorrhage following acute cerebrovascular injury; however, the role of PKa in spontaneous
intracerebral hemorrhage is not yet available.

Stroke-prone spontaneously hypertensive rats (SHRSP) are widely used as model of
hypertension-induced spontaneous intracerebral hemorrhage. While PK deficiency is not
associated with blood pressure abnormalities in normotensive animal models [13], we have
previously reported that PKa inhibition reduced blood pressure in rats with angiotensin 11
(Ang Il)-induced hypertension [14]. Jaffa and colleagues [15] have found that augmented
PK levels in type | diabetic patients are associated with increased blood pressure and
macroalbuminuria. The mechanisms that contribute to the blood pressure—lowering effects
through PKa inhibition in hypertensive animals are unknown. In this report, we investigate
the effects of PKa on blood pressure and spontaneous intracerebral hemorrhage in SHRSP.
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Methods

Experimental Animals

Male Wistar Kyoto (WKY) rats and stroke-prone spontaneously hypertensive rats (SHRSP;
Strain Code: 324; SHR/A3NCrl) were purchased from Charles River Laboratories
(Wilmington, MA). Plasma prekallikrein gene-deficient mice (Klkb1~/~) were described
previously [9]. Littermate Klkb1*/* were used as wild type (WT). Rodents were maintained
under specific pathogen-free conditions in a temperature-controlled room with a 12-h light/
dark cycle. Experiments were performed in accordance with the guidelines of National
Institute of Health Guide for the Care and Use of Laboratory Animals and were approved
by the animal care and use committee of the Joslin Diabetes Center. All experimental
assessments were performed by investigators who were blind to the experimental groups.

Treatment Protocols

SHRSP were fed a Japanese-style stroke prone diet (#39-288, Zeigler Bros., Gardners,

PA) along with 1% salt in water beginning at 8 weeks of age and maintained until the

end of the study. At 14 weeks of age, the rats were randomized to 3 groups, including
control antisense oligonucleotide (Control ASO; lonis Pharmaceuticals, Inc.), treatment
with plasma prekallikrein antisense oligonucleotide (PK ASO; lonis Pharmaceuticals,

Inc.) [13,16], and treatment with PKa inhibitor (1-benzyl-1H-pyrazole-4-carboxylic acid 4-
carbamimidoyl-benzylamide) (BPCCB), which has been characterized previously [14]. The
Rat PK ASO was 20 nucleotides connected by phosphorothioate internucleotide linkages.
The 5 nucleotides at both the 5" and 3" ends have 2"-O-methoxyethyl modifications, which
confer an increased affinity to the target mMRNA. The central portion is composed of 10
deoxynucleotides, enabling RNase H1 to recognize and cleave the target mMRNAS in the
ASO:RNA duplex. ASOs were designed and tested by lonis Pharmaceuticals to avoid any
off-target effects [13,16]. PK ASO or control ASO (40 mg/kg s.c) was injected twice per
week for 3 weeks. Subcutaneous injections twice per week for 3 weeks of 40 mg/kg of PK
ASO showed to reduce the PK mRNA levels to more than 80% [16]. BPCCB (12 pg/kg/h)
or vehicle (10% polyethylene glycol 400 in saline) was administered using subcutaneously
implanted osmotic pump for 4 weeks (0.25 pl/h; Model 2004, Alzet Corp, CA) as described
previously [9,14]. Angiotensin Il (Ang Il)—induced hypertension was induced in SHRSP rats
and WT and Klkb1~~ mice as follows. Ang Il (EMD Millipore, Billerica, MA) in sterile
phosphate-buffered saline (PBS) was infused using an Alzet mini-osmotic pump for 4 weeks
(0.11 pl/h; Model 1004, Alzet Corp, CA) as described previously [9]. Rats were infused as
800 ng/kg and mice were infused as 1,000 ng/kg. Equimolar doses of ANP, ANP5_og, Or
ANPs5_19 (Mini-ANP) (Bachem, Torrance, CA) were administered by continuous intravenous
infusion for 45 min for rat (33 pmol/kg per minute), as well as a bolus of infusion for mice
(1485 pmol/kg).

Onset of Stroke

Stroke was assessed by the appearance of neurological symptoms and physiological changes
as described previously [17]. The neurological findings were scored on a 5-point scale: score
0—indicated no neurologic deficit; score 1—(failure to extend left forepaw fully) indicated
a mild focal neurologic deficit; score 2—(circling to the left) indicated a moderate focal
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neurological deficit; score 3—(falling to the left) indicated a severe focal deficit; score
4—rats could not walk spontaneously and had a depressed level of consciousness. Each rat
was carefully monitored every day for 6 weeks for 1 or more signs occurred in SHRSP, they
were regarded as stroke sign-positive. Plasma samples were collected from SHRSP upon
developing a neurological sign scored > 3, or at the end of study if the rat did not develop
apparent neurological abnormalities.

Kallikrein-Like Activity

Citrated rat plasma was diluted 1:100 in 100 mmol/L Tris, 0.5 mmol/L EDTA, and

0.1% BSA (pH 8.0) at 25 °C in a microtube. Kallikrein-like activity was determined by
measurement of the changes in fluorescence at 410 nm due to hydrolysis of 100 mmol/L
D-Pro-Phe-Arg-7-Amino-4-Trifluoromethylcoumarin (MP Biomedicals, Santa Ana, CA) for
5 min using a Synergy MX microplate reader (Biotek, Winooski, VT) and expressed as
fluorescence intensity.

Blood Pressure Monitoring

Blood pressure was measured in conscious animals by tail-cuff plethysmography (UR-5000,
Ueda Electronics, Tokyo, JP) as previously described [14]. Rats were maintained at 37

°C on a heated platform and systolic artery blood pressure (SBP) and diastolic blood
pressure (DBP) values were obtained from the average of 10 measurements. Blood pressure
was measured on rats and mice for 5 consecutive days as acclimation before recording
measurement final data.

Quantitative RT-PCR

Total RNAs were isolated from liver rat tissues using Trizol reagent (Invitrogen, Carlsbad,
CA) and were used to synthesize the first-strand cDNAs by using iScript cDNA

Synthesis Kit (Bio-Rad Laboratories, CA). cDNA samples were amplified by using

iTaq Fast SYBR Green Supermix with ROX Kit and analyzed on an ABI PRISM

7000 sequence detection system (Applied Biosystems). Amplification was performed

by using the following primers: rat KIkb1, 5"-ACCAACCTCAGTGCCATATTC-3’
(forward) and 5'-AGGAAACTGTAGCGAACAAGG-3’ (reverse); rat Gadph 5’-
TCCAGTATGACTCTACCCACG-3’ (forward) and 5'-CACGACATACTCAGCACCAG-3’
(reverse).

Western Blot

Proteins were isolated from the whole cortex rat tissue and plasma using T-PER tissue
protein extraction reagent (Thermo Scientific). The protein concentration was determined by
using the Protein Assay Dye Reagent Concentrate (Bio-Rad). Thirty micrograms of protein
from each sample was analyzed by 4-20% SDS—polyacrylamide gel electrophoresis and
immune blotted using primary antibodies against PK (1:1000, R&D system), HK (1:1000,
Santa Cruz), ZO-1 (1:1000), Occludin (1:1000), Claudin-5 (1:1000), GFAP (1:1000), and
CD11b (1:1000, Thermo Fisher).
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Mass Spectrometry

ANP (50 pmol/L) was cleaved with 100 nmol/L purified PKa (#420,307, Millipore,
Billerica, MA) in 50 ul PBS buffer containing 50 umol/L zinc sulfate. After incubation

at 37 °C, 0.2 umol/L BPCCB was used to terminate the reaction. ANP and its proteolytic
peptides fragments were analyzed by selective reaction monitoring by nanospray liquid
chromatography-tandem mass spectrometry (LC-MS/MS) using a LTQ linear ion trap mass
spectrometer (Thermo Scientific, San Jose, CA) as described previously [18].

Statistical Analyses

Results

Data were presented as mean + s.e.m. GraphPad Prism 7 software was used for statistical
analyses. Single parameters measured in groups of rats were analyzed using a one-way
ANOVA followed by Tukey’s test. Time series of systolic blood pressure were analyzed by
repeated measures one-way ANOVA. Data from two groups were compared by unpaired
Student’s t test. For stroke onset and survival curves, a Kaplan—Meier curve was obtained,
and the comparison of groups was performed using the Log-Rank test. £< 0.05 was
considered statistically significant.

Stroke-Prone Spontaneously Hypertensive Rats Display Increased Plasma Kallikrein

Activity

PKa activity was measured in plasma from SHRSP after 6 and 12 weeks of high-salt diet
and control WKY rats. PKa activity in plasma was increased by 29% in SHRSP plasma
compared with WKY rat plasma (P< 0.01, Fig. 1a). PK protein in plasma and PK mRNA

in liver were also increased in SHRSP compared with WKY rats (Fig. 1b, ¢). Furthermore,
PKa activity in plasma from SHRSP during stroke was increased during symptomatic stroke
onset and compared with plasma collected from SHRSP at 6 weeks on the high-salt diet (P<
0.001, Fig. 1d) and age-matched SHRSP without neurologically apparent stroke symptoms.
Exogenous addition of the PKa inhibitor (BPCCB) to plasma from SHRSP with signs of
stroke decreased PKa by 85% (P < 0.001, Fig. 1e) in a dose-dependent manner, confirming
that substrate hydrolysis was mediated, in large part, by PKa. Cleaved high molecular
weight kininogen (cHK) in plasma was approximately twofold greater in SHRSP during
stroke compared with SHRSP without stroke symptoms (£ < 0.001; Fig. 1f).

Effect of Plasma Kallikrein Blockade on Neurological Function and Survival Rate

To explore the effects of blocking PK on ICH outcomes in SHRSP, we first measured

PK protein levels in plasma of SHRSP treated with PK ASO and PKa inhibitor (BPCCB)
(Fig. 2a). Administration of PK ASO to SHRSP decreased PK protein levels in plasma

to < 5% of PK levels detected in rats receiving control ASO (£ < 0.001; Fig. 1g). We

did not see changes in PK protein levels in plasma between rats treated with BPCCB and
vehicle (Fig. 1h). The effects of PKa inhibition on neurologic function were evaluated using
neurological severity score. The neurological severity score in the BPCCB and PK ASO
groups was decreased when compared with that in the control ASO group (Fig. 2b). During
the treatment period, all the rats in the PK ASO group survived until the termination of the
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study at 12 weeks (£< 0.001 vs. control ASO; Fig. 2c). The BPCCB group also improved
the survival rate of SHRSP compared with the control group (P< 0.01; Fig. 2c¢). Rats that
did not die during the stroke induction protocol were euthanized after 12 weeks.

Effect of Plasma Kallikrein Inhibition and Plasma Prekallikrein Knockdown on Intracerebral
Hemorrhage in SHRSP

The effects of PKa blockade on intracerebral hemorrhage in SHRSP were investigated in
rats administered with PK ASO or BPCCB. Ten of the SHRSP receiving control ASO (7

= 11) displayed hemorrhage during the administration of the high-salt and stroke-prone
diet (Fig. 3a, b), which are consistent with the reported phenotype for untreated SHRSP.
Intracerebral hemorrhage was confirmed in images of both the superior brain surface and
coronal sections. Hemorrhage was not detected in brains from SHRSP treated with the PKa
inhibitor BPCCB (7= 5) or SHRSP injected with PK ASO (7= 8) (Fig. 3a, b).

Effect of Plasma Kallikrein Inhibition on Tight Junction and Glial Activation in SHRSP

Hypertension has been associated with changes in tight junction linked to damage in
cerebral endothelial cells, consequently promoting blood—brain barrier (BBB) leakage. To
explore whether the PKa blockage in SHRSP had any impact on tight junction proteins, we
performed western blots in cerebral cortex tissue of all groups to evaluate the levels of ZO-1,
occludin, and claudin-5. As shown in Fig. 3c, SHRSP receiving control ASO decreased
occludin (P < 0.05) and claudin-5 (P < 0.01) protein levels in brain cortex compared

with WKY rats. PK ASO significantly prevented the reduction of occludin (£ < 0.05) and
claudin-5 (P < 0.01) compared with SHRSP receiving control ASO (Fig. 3c). The BPCCB
treatment group also prevented the reduction of occludin (P< 0.05) and claudin-5 (P < 0.01)
compared with control ASO (Fig. 3c). We did not see changes in ZO-1 between SHRSP

and WKY rats. Complex interactions between glial cells and BBB-endothelial cells are
essential to the barrier function and its maintenance. To investigate whether PKa blockage
could protect from glial activation in SHRSP, we performed western blot for markers of
astrocyte (GFAP) and microglia (CD11b) activation. We found that SHRSP receiving control
ASO induced high levels of GFAP (P< 0.01) and CD11b (P< 0.01) protein expression
compared with WKY. The increased GFAP and CD11b levels in cerebral cortex of SHRSP
suggest increased activation of astrocyte and microglia. PK ASO significantly ameliorated
the increases in GFAP (P< 0.05) and CD11b (P < 0.05) compared with control ASO (Fig.
3d). BPCCB treatment group also ameliorated the increases in GFAP (P< 0.05) and CD11b
(P<0.05) compared with control ASO (Fig. 3d).

Plasma Kallikrein Knockdown Decreases Blood Pressure

The systolic blood pressure and diastolic systolic blood pressure from each group of rats
were measured at 6 weeks after initiation of the high-salt diet (baseline), and 2 and 4 weeks
after the treatment with either PK ASO or BPCCB and compared with control ASO (P
<0.001, P<0.05, respectively; Fig. 4a). Furthermore, PK ASO-treated SHRSP showed

a lower systolic blood pressure early after 2 weeks (week 8) of treatment compared with
control ASO group (P< 0.01). BPCCB-treated SHRSP did not show changes in systolic
blood pressure when compared with control ASO after 2 weeks of treatment. We found

a significant decrease in diastolic blood pressure on SHRSP after 4 weeks (week 10) of
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treatment with PK ASO when compared with control ASO-treated SHRSP (£ < 0.05; Fig.
4b). BPCCB-treated SHRSP did not show changes in diastolic blood pressure during the
treatment period.

PKa-Mediated Cleavage of Atrial Natriuretic Peptide In Vitro

Previous studies indicated that SHRSP have elevated concentrations of ANP in plasma and
heart tissue [19]. ANP is a cardiac hormone that lowers blood pressure, regulates electrolyte
homeostasis [20], and has been implicated for hypertension in humans [21]. Chronic
treatment with ANP in SHRSP results in decreased systolic blood pressure and increased
sodium and water excretion [22]. Previous studies have implicated PKa in the inactivation
of ANP [23,24]. The amino acid sequence of ANP includes basic residues that are potential
sites for PKa cleavage (Fig. 5a). To determine whether ANP is a direct substrate for PKa,
we incubated purified PKa with purified ANP and utilized mass spectrometry to measure
intact ANP and the appearance of ANP fragments. Full-length ANP was detected as an

ion at m/z 766.5 (+) and incubation with PKa reduced the appearance of ANP. Following
incubation with PKa, we detected a fragment of ANP with m/z 851.1(+3) consistent with
c-terminal cleavage at Arg4 and the generation of ANPsg_»g (Fig. 5b). The ion ANP5_»g is
absent in pure ANP with PBS as shown in Fig. 5d. The abundance of ANPsg_og increased
following incubation of ANP with PKa in a dose- and time-dependent manner (Fig. 5¢, d).
We quantified the cleavage of ANP by PKa up to 40 min (£ < 0.001 vs 0 min; Fig. 5e).

Effect of ANP and ANP5_»g on Blood Pressure

To further investigate the potential effect of the fragment ion ANPs_og, we compared

the effects of ANP and ANPs_»g on blood pressure lowering in SHRSP. Infusion of 33
pmol/kg/min full-length ANP in SHRSP decreased systolic blood pressure by 40 mmHg at
30 min (P< 0.001) compared with baseline (Fig. 6a). In contrast, infusion of the fragment
ANPs5_og at 33 pmol/kg/min did not change systolic blood pressure in SHRSP.

Enhanced Actions of ANP by PKa Inhibition in Angiotensin ll-Induced Hypertension

To investigate whether PKa could modulate ANP function in a hypertensive rat model, we
induced hypertension in SHRSP with Ang Il (800 ng/kg/min) continuously delivered for 4
weeks by osmatic pumps. Hypertensive SHRSP were randomized and treated with BPCCB
(10 pg/kg/h in osmotic pumps for 4 weeks), PK ASO (0.5 mg/kg s.c. for 14 days), and
control ASO. Rats were infused with ANP (33 pmol/kg/min) for 45 min and the effects on
blood pressure were monitored. We found that systolic blood pressure in control rats infused
with ANP decreased by 40 mmHg at 30 min (£ < 0.001 vs baseline, Fig. 6b). Interestingly,
we found that the blood pressure—lowering effect of ANP was larger in both BPCCB (- 120
mmHg, £< 0.001) and PK ASO (- 110 mmHg, £ < 0.05) groups compared with control
ASO (- 40 mmHg) rats receiving ANP at 30 min (Fig. 6b). To further characterize the

role of PKa on ANP function, we measured blood pressure in Ang Il-induced hypertensive
Klkb1~~ mice (27 mmHg, 2 < 0.001) when compared with WT (10 mmHg) at 5 min (Fig.
6¢). Next, we determine whether ANP5_1g amide (mini-ANP), which conserves high activity
[25], plays a role on blood pressure into WT and PK deficiency mice. Infusion of mini-ANP
into Ang I1-induced hypertension mice reduced systolic blood pressure in both Klkb1™~ and
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WT mice (Fig. 6d). Mini-ANP cleavage was not observed following incubation with PKa in
vitro (data not shown).

Discussion

The present study demonstrated that PKa inhibition and PK deficiency reduced the incidence
of intracerebral hemorrhage and improved neurological function and survival in SHRSP.
These beneficial effects of PKa blockade were associated with a reduction in blood pressure.
We show that PKa cleaves ANP resulting in an ANPs_,g fragment with markedly reduced
effects on blood pressure lowering. These results suggest that PKa activation in SHRSP
contribute to the development of spontaneous intracerebral hemorrhage and hypertension.

SHRSP fed a high-salt diet for 12 weeks develop chronic hypertension and stroke. It has
been demonstrated that prolonged severe hypertension (> 225 mmHg) in rats was sufficient
to cause cerebral injury independent of a genetic deficiency [26]. Chronic hypertension in
high-salt SHRSP induces vascular changes, such as smooth muscle cell disarray, reduced
contractibility, structural remodeling, and vascular permeability [27]. The structural and
functional alterations seen in high-salt SHRSP could represent regions of weakness in the
arterial architecture and develop foci of increased vascular permeability [28]. In many cases,
these lesions were predictive of subsequent intracerebral hemorrhage both spatially and
temporally [29]. Interestingly, SHRSP receiving antihypertensive treatment (i.e., losartan,
amlodipine) and a low-salt diet showed delayed intracerebral hemorrhage development

and prolonged longevity [30,31]. Thus, the fact that stroke is less common during stable
hypertension suggests that modified vasculature provides at least partial protection from
hemorrhage and appears to be hypertension-related [32]. We have found that treatment of
SHRSP with PKa inhibitor or PK knockdown reduced systolic blood pressure and improved
survival when compared with vehicle group. It is well accepted that treatments leading to
reduction of blood pressure levels counteract the appearance of spontaneous death in SHRSP
[33]. It may be possible that PKa inhibitor produce vascular protective effects in SHRSP

by lowering blood pressure levels below 200 mmHg. We previously demonstrated that PKa
inhibition decreases Ang Il-stimulated retinal vascular permeability and ameliorates Ang
Il-induced hypertension [14]. In clinical trials, antihypertensive therapy has been associated
with reductions in stroke incidence, with an average 41% reduction in stroke risk with
systolic blood pressure reductions of 10 mmHg [34]. Although anti-hypertensive drugs
angiotensin-converting enzyme (ACE) inhibitors and angiotensin type-1 receptor (AT1R)
antagonists block the same system by different mechanisms of actions, both drugs increase
plasma bradykinin and may contribute to the therapeutic effects of the these drugs [35,36].
Since PKa drives multiple proteolytic reaction cascades and is responsible for the formation
of bradykinin, we provide an alternative pathway by which PKa blockage can decreases high
blood pressure. Given the growing prevalence of patients with uncontrolled and resistant
hypertension [37], direct inhibition of PKa may provide a new therapeutic approach for the
treatment of hemorrhage involving high blood pressure.

Pathological changes, such as fibrinoid necrosis, observed in the cerebral arteries of
SHRSP and of lacunar infarction are thought to be triggered by plasma components
leaked through damaged arterioles [38]. Braun and colleagues demonstrated that an early
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microvascular dysfunction was associated with a local restricted thrombus formation,
diapedesis of erythrocytes into the parenchyma and node like constrictions of arterioles
leading to blood-brain barrier damage [39]. When arterial injury occurs, the activated
endothelial cells and subendothelial material such as collagen may serve as surfaces for the
assembly and activation of the contact coagulation system, leading to FXla-driven thrombin
generation and subsequent platelet activation. PKa can activate FXII, the origin of the
intrinsic coagulation cascade, and PK deficiency has been shown to ameliorate thrombus
formation in models of vessel wall injury [13]. Moreover, PKa inhibition caused reduction in
inflammation and thrombus formation after stroke without intracerebral bleeding risk [40].
In this study, SHRSP showed higher levels of cHK in the plasma followed by increased
PKa activation in stroke onset. By blocking PKa, we may reduce contact coagulation
system activation and decrease thrombus formation. Degradation of extracellular matrix
could disrupt microvascular function and thereby increase hemorrhage [11,41]. We have
found multiple sites of hemorrhage in control ASO-treated SHRSP, and PKa inhibition

or PK knockdown prevented the development of hemorrhagic stroke. We previously have
demonstrated that PKa can interfere with collagen-induced platelet activation leading to
intracerebral hematoma expansion in rodent models [9]. These reports have revealed that
PKa has collagen-binding and collagenase-like activities that might facilitate hemorrhage
under certain pathological conditions.

Cerebrovascular permeability induced by chronic hypertension may enable components

of the KKS to leak into the subendothelial space and gain contact with the basement
membrane. Previous work had found cerebral endothelial structural changes in SHRSP as
early as 5 weeks of age, predating hypertension [42]. Lee and colleagues have found that
high-salt SHRSP have increased vascular permeability up to 2 weeks before intracerebral
hemorrhage, suggesting that hypertensive hemorrhage is preceded by focal vasculopathy
detectable by Gadolinium leak [43]. The integrity of the BBB dependents in part on the
formation and maintenance of tight junction proteins complexes between endothelial cells
that limit and control the passage of cells and molecules [44]. We found that SHRSP
expressed lower levels of occludin and claudin-5, and PKa inhibition or PK knockdown
prevented the reduction of these proteins. Rajani and colleagues found a decreased in

the number of blood vessels expressing claudin-5, the key tight junction protein of the
BBB, indicative of an altered BBB in SHRSP [45]. Decreased expression of tight junctions
proteins indicates dysfunctional endothelial cells and leads to decreased barrier integrity and
microbleeds [44]. Abnormal cerebrovascular permeability may cause greater vulnerability
to stroke. Supporting this idea, several studies pointed out leakiness of BBB in SHRSP as
well as in white-matter lesions in humans [46,47,48]. Moreover, we found that hypertension
in SHRSP causes activation of microglia and astrocyte cells. However, PK knockdown

or PKa inhibition prevented the microglia and astrocyte activation. Microglia are the
resident immune cells in the brain and are essential in immune response, but are also an
important component of the neurovascular unit and therefore are involved in BBB disruption
[49,50]. Previous studies have demonstrated the presence of microglia activation in the
brains of SHRSP even before stroke onset [51]. Our result is consistent with previous
finding on increased expression of microglia and astrocyte observed in SHRSP [50, 52].
These changes in glial cells may reflect an increase in neuro-inflammation in tandem with

Transl Stroke Res. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guanetal.

Page 10

increased vascular inflammation. Therefore, the protective effects of PKa blockage against
stroke in SHRSP seem to be at least partially mediated by the improvement of endothelial
dysfunctional and glial activation.

Plasma concentrations of ANP are increased in SHRSP compared with WKY rats [53].
ANP is produced mainly in the cardiac atria and released into the circulation in response

to volume expansion and increased atrial distension [19]. Transgenic animal studies have
shown that mice completely lacking ANP gene were hypertensive with blood pressure
elevated by 23 mmHg compared with controls [54]. However, over expression of the

ANP gene lowers systemic blood pressure [55] and attenuates hypoxia-induced pulmonary
hypertension [56]. These studies demonstrate that ANP modulates the blood pressure
response to dietary salt, and that impaired ANP production would be associated with
development of hypertension. Interestingly, a 5-day low-dose ANP infusion in patients with
essential hypertension lowered blood pressure and this effect persisted for 3 days after the
infusion [57]. We showed that ANP infusion in Ang ll-induced hypertension in SHRSP
decreases blood pressure. Remarkably, blocking PKa with either BPCCB or PK ASO
resulted in sustained systolic blood pressure reduction in Ang Il-induced hypertension in
SHRSP. These changes were also demonstrated in Ang Il-induced hypertension in Klkb1~/~
mice when compared with WT mice after infusion of ANP. These findings are supported
by the fact that PKa cleaves ANP in vitro. These data suggested that PKa promotes ANP
degradation and PKa inhibition can prolong and enhance the effects of ANP on blood
pressure lowering in hypertensive rodents.

To further clarify whether cleaved ANP has effect on systolic blood pressure, administration
of the major fragment ANP5_»g in Ang Il1-induced SHRSP did not promote changes on
systolic blood pressure. Moreover, infusion of mini-ANP, a fragment of active ANP without
a site for PKa cleavage, into Ang Il-induced hypertensive mice displayed similar effects on
systolic blood pressure in Klkb1™~ and WT mice. Our findings suggest that hypertension
might be the result of a deficiency in biologically active natriuretic peptides. A reduction of
ANP secretion could result in Na* retention and salt-sensitive hypertension. This possibility
is supported by studies showing that a disruption of the proANP gene in mice causes
salt-sensitive hypertension [54]. Our data suggest that ANP cleavage by PKa induce a
diminished systemic biologic action in the vasculature.

Conclusions

Funding

The present study suggests that inhibition of PKa can improve neurological function
outcome in stroke-prone spontaneously hypertensive rats. The beneficial effect may be due
to attenuation of blood pressure and consequently suppression of intracerebral hemorrhage.
The potential mechanism may be associated with impaired ANP activity caused by PKa
cleavage. PKa inhibition may reduce the damaging processes that promote intracerebral
hemorrhage caused by hypertension.
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Data Availability

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

References

1. Brott T, Thalinger K, Hertzberg V. Hypertension as a risk factor for spontaneous intracerebral
hemorrhage. Stroke. 1986;17:1078-83. [PubMed: 3810704]

2. Kazui SMK, Sawada T, Yamaguchi T. Predisposing factors to enlargement of spontaneous
intracerebral hemorrhage. Stroke. 1997;28:2370-5. [PubMed: 9412616]

3. Qureshi Al, Mendelow AD, Hanley DF. Prevalence of elevated blood pressure in 563,704 adult
patients with stroke presenting to the ED in the United States. Am J Emerg Med. 2007;25:32-8.
[PubMed: 17157679]

4. Carlberg B, Asplund K, Hagg E. Factors influencing admission blood pressure levels in patients
with acute stroke. Stroke. 1991;22:527-30. [PubMed: 2024282]

5. Sato S, Carcel C, Anderson CS. Blood pressure management after intracerebral hemorrhage. Curr
Treat Options Neurol. 2015;17:49. [PubMed: 26478247]

6. Willmot N, Leonardi-Bee J, Bath PMW. High blood pressure in acute stroke and subsequent
outcome: a systematic review. Hypertension. 2004;43:18-24. [PubMed: 14662649]

7. Lawes CMM, Bennett DA, Feigin VL, Rodgers A. Blood pressure and stroke. Stroke. 2004;35:776—
85. [PubMed: 14976329]

8. Schmaier AH, McCrae KR. The plasma kallikrein-kinin system: its evolution from contact
activation. J Thromb Haemost. 2007;5:2323-9. [PubMed: 17883591]

9. Liu J, Gao BB, Clermont AC, Blair P, Chilcote TJ, Sinha S, et al. Hyperglycemia-induced cerebral
hematoma expansion is mediated by plasma kallikrein. Nat med. 2011;17:206-10. [PubMed:
21258336]

10. Simao F, Feener EP. The effects of the contact activation system on hemorrhage. Front Med.
2017;4:121.

11. Liu J, Clermont AC, Gao BB, Feener EP. Intraocular hemorrhage causes retinal vascular
dysfunction via plasma Kkallikrein. Invest Ophthalmol Vis Sci. 2013;54:1086-94. [PubMed:
23299478]

12. Simao F, Ustunkaya T, Clermont AC, Feener EP. Plasma kallikrein mediates brain hemorrhage and
edema caused by tissue plasminogen activator therapy in mice after stroke. Blood. 2017;129:2280-
90. [PubMed: 28130211]

13. Revenko AS, Gao D, Crosby JR, Bhattachariee G, Zhao C, May C, et al. Selective depletion of
plasma prekallikrein or coagulation factor XII inhibits thrombosis in mice without increased risk
of bleeding. Blood. 2011;118:5302-11. [PubMed: 21821705]

14. Phipps JA, Clermont AC, Sinha S, Chilcote TJ, Bursell SE, Feener EP. Plasma kallikrein
mediates angiotensin 1l type 1 receptor-stimulated retinal vascular permeability. Hypertension.
2009;53:175-81. [PubMed: 19124682]

15. Jaffa AA, Durazo-Arvizu R, Zheng D, Lackland DT, Srikanth S, Garvey WT, et al. Plasma
prekallikrein: a risk marker for hypertension and nephropathy in type 1 diabetes. Diabetes.
2003;52:1215-21. [PubMed: 12716755]

16. Ferrone JD, Bhattacharjee G, Revenko AS, Zanardi TA, Warren MS, Derosier FJ, et al. IONIS-
PKKKRXx a novel antisense inhibitor of prekallikrein and bradykinin production. Nucleic Acid
Ther. 2019;29:82-91. [PubMed: 30817230]

17. Zhang F, Guo RM, Yang M, Wen XH, Shen J. A stable focal cerebral ischemia injury model
in adult mice: assessment using 7T MR imaging. AJINR Am J Neuroradiol. 2012;33:935-9.
[PubMed: 22268078]

18. Gao BB, Chen X, Timothy N, Aiello LP, Feener EP. Characterization of the vitreous proteome
in diabetes without diabetic retinopathy and diabetes with proliferative diabetic retinopathy. J
Proteome Res. 2008;7:2516-25. [PubMed: 18433156]

Transl Stroke Res. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guanetal.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 12

Mori N, Nakao K, Kihara M, Sugawara A, Sakamoto M, Yamori Y, et al. Decreased content in
left atrium and increased plasma concentration of atrial natriuretic polypeptide in spontaneously
hypertensive rats (SHR) and SHR stroke-prone. Biochem Biophys Res Commun. 1986;135:74-81.
[PubMed: 2937405]

De Bold AJ. Atrial natriuretic factor: a hormone produced by heart. Science. 1985;230:767-70.
[PubMed: 2932797]

Oparil S. The elusive role of atrial natriuretic peptide in hypertension. Mayo Clin Proc.
1995;70:1015-7. [PubMed: 7564538]

Romero M, Caniffi C, Bouchet G, Costa MA, Elesgaray R, Arranz C, et al. Chronic treatment
with atrial natriuretic peptide in spontaneously hypertensive rats: beneficial renal effects and sex
differences. PLoS One. 2015;10:60120362. [PubMed: 25774801]

Thibault G, Garcia R, Cantin M, Genest J. Atrial natriuretic factor and urinary kallikrein in the rat:
antagonistic factors? Can J Physiol Pharmacol. 1984;62:645-9. [PubMed: 6204730]

Briggs J, Marin-Grez M, Steipe B, Schubert G, Schnermann J. Inactivation of atrial natriuretic
substance by kallikrein. Arm J Physiol. 1984;247:F480-484.

Li B, Tom JY, QOare D, Yen R, Fairbrother WJ, Wells JA, et al. Minimization of a polypeptide
hormone. Science. 1995;270:1657-9. [PubMed: 7502074]

Zeng J, Zhang Y, Mo J, Su Z, Huang R. Two-kidney, two clip renovascular hypertensive rats can be
used as stroke-prone rats. Stroke. 1998;29:1709-14.

Arribas SM, Costa R, Salomone S, Morel N, Godfraind T, McGrath JC. Functional reduction

and associated cellular rearrangement in SHRSP rat basilar arteries are affected by salt load and
calcium antagonist treatment. J Cereb Blood Flow Metab. 1999;19:517-27. [PubMed: 10326719]
Arribas SM, Gordon JF, Daly CJ, Dominiczak AF, McGrath JC. Confocal microscopic
characterization of a lesion in a cerebral vessel of the stroke-prone spontaneously hypertensive
rat. Stroke. 1996;27:1118-23. [PubMed: 8650724]

Lee JM, Zhai G, Liu Q, Gonzales ER, Yin K, Yan P, et al. Vascular permeability precedes
spontaneous intracerebral hemorrhage in stroke-prone spontaneously hypertensive rats. Stroke.
2007;38:3289-91. [PubMed: 17962594]

Smeda JS, Daneshtalab N. The effects of poststroke captopril and losartan treatment on cerebral
blood flow autoregulation in SHRSP with hemorrhagic stroke. J Cereb Blood Flow Metab.
2011;31:476-85. [PubMed: 20648036]

Smeda JS. Hemorrhagic stroke development in spontaneously hypertensive rats fed a North
American. Japanese-style diet Stroke. 1989;20:1212-8. [PubMed: 2772982]

Del Bigio MR, Yan HJ, Kozlowski P, Sutherland GR, Peeling J. Serial magnetic resonance imaging
of rat brain after induction of renal hypertension. Stroke. 1999;30:2440-7. [PubMed: 10548682]
Okamoto K, Ohta Y, Chikugo T, Shiokawa H, Morita N. Chronic treatment with captopril,

SQ 29,852, hydralazine and a 33% fish meal diet in malignant stroke-prone spontaneously
hypertensive rats. J Hypertens. 1991;9:1105-7. [PubMed: 1663966]

Law MR, Morris JK, Wald NJ. Use of blood pressure lowering drugs in the prevention of
cardiovascular disease: meta-analysis of 147 randomised trials in the context of expectations from
prospective epidemiological studies. BMJ. 2009;338:b1665. [PubMed: 19454737]

Horning B, Kohler C, Drexler H. Role of bradykinin in mediating vascular effects of angiotensin-
converting enzyme inhibitors in humans. Circulation. 1997;95:1115-8. [PubMed: 9054837]
Campbell DJ, Krum H, Esler MD. Losartan increases bradykinin levels in hypertensive humans.
Circulation. 2005;111:315-20. [PubMed: 15655136]

Calhoun DA, Jones D, Textor S, Goff DC, Murphy TP, Toto RD, White A, Cushman WC,

White W, Sica D, Ferdinand K, Giles TD, Falkner B, Carey RM. Resistant hypertension:
diagnosis, evaluation, and treatment: a scientific statement from American Heart Association
Professional Education Committee of the Council for High Blood Pressure Research. Circulation.
2008;117:e510-26. [PubMed: 18574054]

Mohr JP, Marti-Vilalta JL. Lacunes. In: Barnett HIM, Mohr JP, Stein BM, Yatsu FM,

editors. Stroke: pathophysiology, diagnosis, and management. 3rd ed. New York, NY: Churchill
Livingstone; 1998. p. 599-622.

Transl Stroke Res. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guanetal.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

Page 13

Schreiber S, Bueche CZ, Garz C, Braun H. Blood brain barrier breakdown as the starting point of
cerebral small vessel disease? — New insights from a rat model. Exp Transl Stroke Med. 2013;5:4.
[PubMed: 23497521]

Gob E, Reymann S, Langhauser F, Schuhmann MK, Kraft P, Thielmann I, et al. Blocking

of plasma kallikrein ameliorates stroke by reducing thromboinflammation. Ann Neurol.
2015;77:784-803. [PubMed: 25628066]

Liu J, Gao BB, Feener EP. Proteomic identification of novel plasma Kkallikrein substrates in the
astrocyte secretome. Transl Stroke Res. 2010;1:276-86. [PubMed: 24323554]

Bailey EL, Wardlaw JM, Graham D, Dominiczak AF, Sudlow CL, Smith C. Cerebral small vessel
endothelial structural changes predate hypertension in stroke-prone spontaneously hypertensive
rats: a blinded, controlled immunohistochemical study of 5- to 21-week-old rats. Neuropathol
Appl Neurobiol. 2011;37:711-26. [PubMed: 21392049]

Lee JM, Zhai G, Liu Q, et al. Vascular permeability precedes spontaneous intracerebral
hemorrhage in stroke-prone spontaneously hypertensive rats. Stroke. 2007;38:3289-91. [PubMed:
17962594]

Quick S, Moss J, Rajani RM, Williams A. A vessel for change: endothelial dysfunction in cerebral
small vessel disease. Trends Neusoci. 2021;44:289-305.

Rajani RM, Quick S, Ruigrok SR, Graham D, Harris SE, Verhaaren BFJ, Fornage M, Seshadri

S, Atanur SS, Dominiczak AF, Smith C, Wardlaw JM, Williams A. Reversal of endothelial
dysfunction reduces white matter vulnerability in cerebral small vessel disease in rats. Sci Transl
Med. 2018;10:eaam9507. [PubMed: 29973407]

Tagami M, Kubota A, Sunaga T, et al. Increased transendothelial channel transport of cerebral
capillary endothelium in stroke-prone SHR. Stroke. 1993;14:591-6.

Fredriksson K, Kalimo H, Westergren |, et al. Blood-brain barrier leakage and brain edema in
stroke-prone spontaneously hypertensive rats: effect of chronic sympathectomy and low protein/
high salt diet. Acta Neuropathol (Berl). 1987;74:259-68. [PubMed: 3673518]

Tomimoto H, Akiguchi I, Sunaga T, et al. Alterations of the blood-brain barrier and glial cells in
white-matter lesions in cerebrovascular and Alzheimer’s disease patients. Stroke. 1996;27:2096—
2074.

Da Fonseca AC, Matias D, Garcia C, Amaral R, Geraldo LH, Freitas C, Lima FR. The impact

of microglia activation on blood-brain barrier in brain diseases. Front Cell Neurosci. 2014;8:362.
[PubMed: 25404894]

Takeuchi S, Nagatani K, Otani N, Nawashiro H, Sugawara T, Wada K, Mori K. Hydrogen improves
neurological function through attenuation of blood-brain barrier disruption in spontaneously
hypertensive stroke-prone rats. BMC Neurosci. 2015;16:22. [PubMed: 25925889]

Yamamoto E, Tamamaki N, Nakamura T, Kataoka K, Tokutomi Y, Dong YF, Fukuda M, Matsuba
S, Ogawa H, Kim-Mitsuyama S. Excess salt causes cerebral neuronal apoptosis and inflammation
in stroke-prone hypertensive rats through angiotensin Il-induced NADPH oxidase activation.
Stroke. 2008;39:3049-56. [PubMed: 18688015]

Marks L, Carswell HV, Peters EE, Graham DI, Patterson J, Dominiczak AF, Macrae IM.
Characterization of the microglial response to cerebral ischemia in the stroke-prone spontaneously
hypertensive rat. Hypertension. 2001;38:116-22. [PubMed: 11463771]

Kato J, Kida O, Nakamura S, Sasaki A, Kodoma K, Tanaka K. Atrial natriuretic polypeptide
(ANP) in the development of spontaneously hypertensive rats (SHR) and stroke-prone SHR
(SHRSP). Biochem Biophys Res Commun. 1987;143:316-22. [PubMed: 2950861]

John SWM, Krege JH, Oliver PM, Hagaman JR, Hodgin JB, Pang SC, et al. Genetic decreases

in atrial natriuretic peptide and salt-sensitive hypertension. Science. 1995;267:679-81. [PubMed:
7839143]

Steinhelper ME, Cochrane KL, Field LJ. Hypotension in transgenic mice expressing atrial
natriuretic factor fusion genes. Hypertension. 1990;16:301-7. [PubMed: 2144261]

Klinger JR, Petit RD, Curtin LA, Warburton RR, Wrenn DS, Steinhelper ME, et al.
Cardiopulmonary responses to chronic hypoxia in transgenic mice that overexpress ANP. J Appl
Physiol. 1993;75:198-205. [PubMed: 7690745]

Transl Stroke Res. Author manuscript; available in PMC 2023 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Guan etal.

Page 14

57. Janssen WNT, de Zeuw D, van der Hem GK, de Jong PE. Antihypertensive effect of a 5-day
infusion of atrial natriuretic factor in humans. Hypertension. 1989;13:640-6. [PubMed: 2525524]

Transl Stroke Res. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guanetal.

a
12 4
c *%k
E 10 1
]
2 8
3
w 61
2
S 41
i
< 2
0
WKY SHRSP
il bl LD
WKY SHRSP
S 24 Hk
£ I
6 1.5 1
3
]
L1+
£
z
° j
£05
¥
o
0 T
WKY SHRSP
C
s 29
£ "
515 1
=
©
L1
<
g
£0.5 1
&
0 T
WKY SHRSP
dededk
120 1
=
£ 100 1
S
2 801
3
@ 60 1
5
3 409
i
< 20 9
D 4
Baseline Stroke Non stroke
SHRSP Age Matched
SHRSP

Fig. 1.

AFluorescence/min

b
o

cHK protein
(Fold of Baseline)
P

bt
o

o

-
wn

-

PK protein
(Fold of Control ASO)

=
wn

=3

=] -
wn - i

PK protein
(Fold of Control ASO)

=]

L

-

Control 0.1 0.5 1 2
BPCCB (uM)
e s B e O K

BE S B S B S

*kk

Baseline Stroke
SHRSP SHRSP
Control ASO PK ASO
| — — e e
Rk
Control ASO PK ASO
Vehicle BPCCB
-
Vehicle BPCCB

Page 15

Plasma kallikrein is activated in stroke-prone spontaneously hypertensive rats. a Plasma
kallikrein activity in WKY and SHRSP plasma at 12 weeks of high-salt diet. Kallikrein-like
activity was determined by measuring changes in fluorescence at 410 nm due to hydrolysis
of D-Pro-Phe-Arg-7-Amino-4-Trifluoromethyl coumarin. Data are expressed as mean +
s.e.m of Afluorescence/min, n= 6-8; **P < 0.01. b Plasma prekallikrein protein levels in
WKY and SHRSP plasma at 12 weeks of high-salt diet. Data are expressed as mean + s.e.m
of fold change from WKY rats, n=9; **P< 0.01. c Plasma prekallikrein mRNA expression
in WKY and SHRSP liver at 12 weeks of high-salt diet. Data are expressed as mean + s.e.m
of fold change from WKY rats, 7=29; *P< 0.05. d Plasma kallikrein activity in stroke
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or non stroke SHRSP. Data are expressed as mean + s.e.m of Afluorescence/min, 7= 6-8;
*** P < 0.001. e Dose response of inhibition of kallikrein-like activity from plasma of stroke
SHRSP by BPCCB (0.1-2 uM; **P < 0.01, ***P < 0.001 vs control; 7= 5). f Western

blot analysis of cleaved high molecular weight kininogen (cHK) in plasma. Representative
western blot on top showing immunoreactivity of cHK in SHRSP on 6 weeks of high-salt
diet (B, baseline) and on 12 week of high-salt diet with stroke signs (S, stroke). Bar graph
displays the quantification for cleaved HK. Data are presented as mean = s.e.m, /7= 6.
***pP < 0.001. g Representative western blots on top showing immunoreactivity of PK in
control ASO and PK ASO-treated rats. Bar graph displays the expression of PK in SHRSP
plasma after 4 weeks of treatment. Data are presented as mean + s.e.m, /7= 3. ***pP<
0.001. h Representative western blots on top showing immunoreactivity of PK in vehicle
and BPCCB-treated rats. Bar graph displays the expression of PK in SHRSP plasma after 4
weeks of treatment. Data are presented as mean + s.e.m, 7=3
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Effect of plasma kallikrein inhibition on neurological function and survival rate. a Schematic
illustration of the experimental design. b Neurological score was higher in the control ASO
group than in the PK ASO and BPCCB groups. Data are presented as mean + s.e.m, 7=
5-11; ***P < 0.001. c Kaplan—Meier plot of survival rate. Survival is longer in SHRSP with
PKa inhibition and PK knockdown compared with control. Data are presented as mean +
s.e.m, n=5-11; **P<0.01, ***P< 0.001
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Fig. 3.
Effect of PKa blockage on intracerebral hemorrhage, tight junction proteins, and glial

activation. a Representative pictures of brains from SHRSP showing intracerebral
hemorrhages as indicated with arrows. ICH was detected in 10 SHRSP receiving control
ASO (n=11). Rats treated with PK ASO (= 8) or BPCCB (1= 15) did not develop
hemorrhage. b Coronal section through brain of SHRSP treated with control ASO, PK ASO,
and BPCCB. Arrows indicate intracerebral hemorrhage. ¢ Representative western blots on
top showing immunoreactivity of ZO-1, occludin, and claudin-5. Bar graph displays the
expression of ZO-1, occludin, and claudin-5 in cerebral cortex of SHRSP after 4 weeks of
treatment. Data are presented as mean = s.e.m, 7="5. *P< 0.05, **P< 0.01 vs WKY,
#P<0.05, &P < 0.05 vs control ASO. d Representative western blots on top showing
immunoreactivity of GFAP and CD11b. Bar graph displays the expression of GFAP and
CD11b in cerebral cortex of SHRSP after 4 weeks of treatment. Data are presented as mean
+s.em, n=5.**P<0.01 vs WKY; #P< 0.05, &P < 0.05 vs Control ASO

Transl Stroke Res. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guanetal.

Page 19

3 Control ASO

a Il PK ASO
* I BPCCB
300+
ok Fkk
_x T =
—_ 1 = .
o
T 2004
E
E
&
1004
w

Week 6 Week 8 Week 10
Baseline

[ Control ASO
200+ Hl PKASO
I BPCCB

DBP (mmHg)
> o
e <

(3]
=
L

Week 6 Week 8 Week 10
Baseline

Fig. 4.
Effects of plasma kallikrein inhibition on blood pressure of SHRSP. a Systolic blood

pressure (SBP) and b diastolic blood pressure (DBP) of rats from each group were
determined at 2 and 4 weeks during treatment. Data are presented as mean + s.e.m, n=
8-10; *P< 0.05, **P< 0.01, ***P< 0.001.
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Fig. 5.

Identification of ANP fragments and cleavage by PKa. a ANP structure and Arg4-Ser5
cleavage site by PKa indicated by black arrow. b MS/MS of a concentration curve of cleaved
ANP fragment detected by mass spectrometry. ¢ Concentration response of PKa on ANP
cleavage. Bar graph represents the peak value of ion fragments (ANP and ANPs_»g) versus
PKa concentrations. d Time course of ANP cleavage and ANPs_,g generation by PKa. Bar
graph represents the peak value of ANP cleavage and ANPs_»g generation during 10 min. e
Time course of ANP cleavage by PKa during 40 min. Data are presented as mean + s.e.m, 77
=3; **P<0.01, ***P< 0.001
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Fig. 6.

Effect of ANP on systolic blood pressure in vivo. a Change in systolic blood pressure
following infusion of ANP and ANPs5_,g Via jugular vein in SHRSP with Ang ll-induced
hypertension. Data are presented as mean + s.e.m, 7="5; *P< 0.05, ***P< 0.001. b Effects
of ANP infusion on the change in SBP in Ang Il-induced hypertensive rats treated with
BPCCB, PK ASO, or control ASO. Data are presented as mean * s.e.m, /7= 5-6; *P< 0.05,
**p<0.01, ***P< 0.001 vs control ASO. c Effects of ANP infusion on the change in SBP
in WT and KIkb1™~ mice with Ang ll-induced hypertension. Data are presented as mean +
s.e.m, n=4-5; ***P< 0.001. d Effects of mini-ANP infusion on the change in SBP in WT
and KIkb1~'~ mice with Ang ll-induced hypertension. Data are presented as mean + s.e.m.,
n=3.
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