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Abstract

Hyperglycemia is associated with increased hematoma expansion and worse clinical outcomes 

following intracerebral hemorrhage. We demonstrate that cerebral hematoma expansion triggered 

by intracerebral infusion of autologous blood is increased in diabetic rats and mice, and this 

response is ameliorated by plasma kallikrein (PK) inhibition and deficiency, respectively. Both 

diabetes and hyperglycemia induced in nondiabetic rats increase hematoma expansion following 

intracerebral injection of purified PK, a response not observed with bradykinin, plasmin, or tissue 

plasminogen activator. This response is rapid, prevented by co-injection of the glycoprotein VI 

(GPVI) agonist convulxin, and mimicked by GPVI inhibition or deficiency. We show that PK 

binding to collagen and PK-mediated inhibition of collagen-induced platelet aggregation is 

enhanced by hyperglycemia. Hyperosmotic mannitol also increases hematoma expansion induced 

by blood and PK, and increases PK-mediated inhibition of platelet aggregation. These findings 

suggest that hyperglycemia increases cerebral hematoma expansion by PK-mediated osmotic-

sensitive inhibition of hemostasis.

Intracerebral hemorrhage (ICH) accounts for 7–20% of all cases of stroke and overall case-

fatality within 1 month is 42%1. Both diabetes and admission hyperglycemia are 

independently associated with early and long-term mortality after ICH2–5. In addition, 
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hyperglycemia is independently associated with symptomatic ICH in stroke patients treated 

with intravenous tissue plasminogen activator (tPA)6–7. Hematoma volume is a significant, 

independent determinant of worse clinical outcomes after ICH8–9. While hyperglycemia is 

associated with increased hematoma volume and expansion3,10–14, little is known 

regarding the effects of hyperglycemia on hematoma expansion and cerebral hemostasis 

following vascular injury. Moreover, although over 50% of patients with stroke have 

hyperglycemia15, the clinical benefit of glucose normalization in the acute stroke setting is 

controversial16–17. Data on the clinical benefit of glucose lowering in ICH are limited and 

the potential therapeutic window for glucose lowering is unknown4,18–19. Recent 

guidelines suggest a judicious approach to the management of hyperglycemia in people with 

spontaneous ICH until additional clinical information is available20. In this report we 

investigated the effect of diabetes and hyperglycemia on acute hematoma expansion and the 

mechanisms that may contribute to hematoma expansion after experimental ICH.

We compared the response to intracerebral infusion of autologous whole blood in rats with 

4-weeks of streptozotocin (STZ)-induced diabetes (DM) with age-matched nondiabetic 

(NDM) rats. This method was used to quantify the effect of diabetes on hemorrhagic 

response to a specific volume and location of intra-parenchymal blood, thereby assessing 

hematoma expansion independent of variables associated with the incidence of ICH. The 

hematoma expansion to the subarachnoid space in DM rats infused with autologous blood 

was 10-fold greater than that observed in NDM rats (Fig. 1a, b). The contralateral 

hemisphere that received an injection with phosphate buffered saline (PBS) exhibited less 

hematoma expansion; however there was a trend for increase in DM rats compared with 

NDM controls. Infusion of autologous blood labeled with Evans blue dye showed that the 

exogenous blood remained localized to the site of injection whereas the hematoma observed 

within 30 min on the surface of brain in DM rats was not labeled, indicating that the 

appearance of blood in the subarachnoid space was rapid and likely derived from vessels 

ruptured during needle insertion (Supplementary Fig. 1 online). The increased hematoma 

expansion seen in the STZ-induced DM rats was confirmed in diabetic Akita mice 

(C57BL/6J-Ins2Akita) subjected to autologous blood injection as compared with NDM 

littermate controls (Fig. 1c).

Our previous report has implicated a role of plasma kallikrein (PK) in blood brain barrier 

dysfunction following experimental ICH21. PK is activated by coagulation factor XII via the 

contact activation system and plays a central role in the intrinsic coagulation cascade, innate 

inflammation, vascular function, and fibrinolysis22. Based on these findings, we 

investigated the potential role of PK in hematoma expansion in DM animals. Systemic 

administration of a small molecule PK inhibitor, ASP-44023, reduced hematoma expansion 

in DM rats (Fig. 1d). The contralateral hemisphere that received a sham injection with PBS 

also showed a trend for decreased hematoma expansion in ASP-440-treated rats compared 

with vehicle-treated rats. In addition, co-injection of a neutralized PK-specific antibody with 

blood in DM rats significantly attenuated hematoma expansion compared with contralateral 

hemisphere that was subjected to co-injection of blood with a normal IgG control (Fig. 1e).

To further characterize the role of PK in hematoma expansion, we utilized PK-deficient 

mice that were generated via the disruption of the Klkb1 gene. The generation and 
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characterization of Klkb1−/− mice are described in supplementary information 

(Supplementary Fig. 2 online). We show that hematoma volume was significantly lower in 

STZ-induced diabetic Klkb1−/− mice subjected to autologous blood injection compared with 

diabetic wild-type (WT) mice (Fig. 1f, g). Klkb1−/− mice displayed prolonged activated 

partial thromboplastin time (aPTT) (Fig. 1h), which is similar to the effects of PK-deficiency 

in human24–25. We also found that both aPTT and tail bleeding time are shorter in DM rats 

compared with NDM controls. Treatment of DM rats with ASP-440 increased aPTT and tail 

bleeding time, while reducing hematoma expansion induced by autologous blood 

(Supplementary Fig. 3a, b online). Shortened aPTT also occurs in patients with impaired 

fasting plasma glucose and diabetes26. These findings reveal an inverse correlation of aPTT 

and hematoma expansion during experimental ICH in hyperglycemia.

Hematoma expansion to the subarachnoid space induced by intracerebral injection of 

purified PK in DM rats was 9-fold greater than that observed in NDM controls (Fig. 2a, b). 

Moreover, hemorrhage volume assessed by erythrocyte components, hemoglobin (Fig. 2c) 

and carbonic anhydrase-1 (Fig. 2d), in a 5 mm anterior section of the hemisphere 

encompassing the injection site in DM rats subjected to PK was 2–4 fold greater than that in 

NDM rats. The time course showed that PK-induced hematoma expansion in DM rats was 

rapid, occurring within 30 min (Fig. 2e), which is comparable to the response to autologous 

blood injection (Supplementary Fig. 1 online). To examine whether hyperglycemia was 

required for PK-induced hematoma expansion, rats maintained with STZ-induced diabetes 

for 4-weeks were injected with insulin to lower blood glucose from 428 ± 35 to 158 ± 19 

mg/dL (Supplementary Fig. 4 online) immediately prior to intracerebral injection of PK and 

the subsequent analysis of hematoma expansion was performed at 2 h post-infusion. We 

found that normalization of blood glucose in DM rats prevented cerebral hematoma 

expansion induced by PK (Fig. 2f). The role of hyperglycemia on cerebral hematoma 

expansion was also examined in NDM rats subjected to an intraperitoneal injection of 3 g/kg 

glucose, which resulted in a blood glucose increase from 91.4 ± 6.7 mg/dL at baseline to 443 

± 15 mg/dL at 30 min after injection (Fig. 2g). Hematoma expansion following intracerebral 

PK injection was increased in hyperglycemic rats compared with control rats (Fig. 2h). 

These observations indicate that hyperglycemia, rather than diabetes per se, is the critical 

factor in facilitating hematoma expansion.

Acute hypertension, a local coagulation deficit, or both may be associated with hematoma 

expansion27. Although both heart rate and blood pressure were increased following 

intracerebral PK injection, the differences prior to and after injection were similar between 

NDM and DM groups (Supplementary Fig. 5 online), suggesting that elevated blood 

pressure does not explain the increased hematoma expansion in DM rats. PK activates 

various substrates, such as factor XII, high molecular weight kininogen (HK), prourokinase, 

and plasminogen28. One of the most widely characterized functions of PK is the proteolytic 

cleavage of HK leading to the production of bradykinin (BK), which causes vascular 

dilation and permeability via both bradykinin-1 and -2 receptors (B1R and B2R). We show 

that systemic or local administration of B1R and B2R antagonists [des-Arg10]-Hoe140 and 

Hoe140, respectively, did not reduce blood-induced hematoma expansion in DM rats, 

although a trend for a small decrease was observed in the presence of Hoe 140 (Fig. 1d and 
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Supplementary Fig. 6a online). Intracerebral injection of BK caused a trend for increasing 

hematoma expansion in both normoglycemic and hyperglycemic rats, however 

hyperglycemia did not increase the effect of BK (Supplementary Fig. 6b online). These 

results suggest that BK does not mediate the increase in blood-induced hematoma expansion 

during hyperglycemia. The potential effect of plasmin activation by PK on hematoma 

expansion in DM rats was also examined. PK cleaves plasminogen at a limited rate and this 

cleavage was not affected by glucose (Supplementary Fig. 7a, b online). Continuous assays 

of clot formation and lysis showed that PK did not inhibit thrombin-induced clot formation 

and clot lysis (Supplementary Fig. 7c, d online). In vivo, neither tPA nor plasmin induced 

hematoma expansion in DM rats as observed with PK infusion (Supplementary Fig. 7e 

online). To further evaluate the role of PK catalytic activity in hematoma expansion, PK was 

deactivated by 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride (Supplementary 

Fig. 8a online). Intracerebral injection of deactivated PK also induced hematoma expansion 

in DM rats, as seen in rats receiving PK injection (Fig. 2i). Moreover, the enzyme activity of 

PK toward its substrate was not increased by high concentrations of glucose (Supplementary 

Fig. 8b online). These results suggest that the effect of PK on hematoma expansion during 

hyperglycemia does not involve the previously characterized effects of PK mediated by the 

BK or plasminogen systems.

Platelet aggregation is a key mechanism for normal hemostasis limiting blood loss following 

hemorrhage29. Prior antiplatelet therapy is associated with increased hematoma volume and 

hematoma expansion13,30. While platelets from humans and rodents display a number of 

differences, the analysis of platelets from rodent models has provided insight into the human 

processes of hemostasis and platelet aggregation31. We demonstrated that PK inhibited 

collagen-stimulated platelet aggregation in a dose-dependent manner from 150 to 500 nM 

(Fig. 3a), whereas PK had no effect on ADP- or thrombin-induced platelet aggregation (Fig. 

3b). Glucose (5–25 mM) enhanced the inhibitory effect of PK on collagen-stimulated 

platelet aggregation in a dose-dependent manner (Fig. 3c), although glucose did not alter 

platelet aggregation in the absence of PK (data not shown). PK exerted a similar effect on 

collagen-stimulated aggregation of washed platelets from both NDM and DM rats 

(Supplementary Fig. 8c online), suggesting that platelets from both sources were similarly 

affected by PK. Deactivated PK showed similar inhibitory effect on collagen-stimulated 

platelet aggregation as observed with PK, whereas prekallikrein was not inhibitory (Fig. 3d). 

ASP-440 did not inhibit the effect of PK on collagen-induced platelet aggregation 

(Supplementary Fig. 8d online) although the dose of ASP-440 used was sufficient to 

completely inhibit the catalytic activity of PK (Supplementary Fig. 8e online). These 

findings suggest that the activation of prekallikrein to PK is required to inhibit collagen-

induced platelet activation; however once PK is formed, its proteolytic activity is no longer 

required. From these data we conclude that PK generation at the site of cerebrovascular 

hemorrhage is derived from prekallikrein in the blood via the activation of contact system, 

and the proteolytic activity of PK is required for this process. Since ASP-440 is a selective 

inhibitor of PK activity23 and prolongs aPTT (Supplementary Fig. 3a online), we conclude 

that ASP-440 reduces hematoma expansion by suppressing the formation of PK from 

prekallikrein, possibly mediated by inhibition of the contact activation system.
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Platelets interact with subendothelial collagen in damaged blood vessels via a number of 

molecules including glycoprotein Ib, glycoprotein VI (GPVI), and α2β1 integrin. GPVI 

plays a critical role in initiating downstream platelet activation29,32–33. The clinical profile 

of humans with GPVI defects is usually described as having a mild bleeding disorder and 

their platelets show severely impaired responses to collagen34. To determine the role of 

GPVI in hematoma expansion following cerebral vascular injury, we examined the effect of 

intracerebral injection of GPVI blocking monoclonal antibody, JAQ1, and the effect of 

GPVI deficiency induced by FcR γ-chain gene disruption35 on hematoma expansion in 

mice. We demonstrate that both local inhibition of GPVI by injection of JAQ1 in the brain 

and systemic GPVI deficiency resulted in increased hematoma volume and area compared 

with control IgG injection or WT mice, respectively (Fig. 3e, f). Collagen related peptide 

(CRP), which mimics collagen triple helix, activates platelets by binding specifically to 

GPVI32; whereas snake venom convulxin activates platelet GPVI via a mechanism 

independent of its collagen binding site36. We show that intracerebral infusion of convulxin 

(35 ng) with PK in DM rats prevented hematoma expansion (Fig. 3g), indicating that 

increased local activation of GPVI can interfere with the hemorrhagic effect of PK. PK 

inhibited CRP (100 ng/ml) but not convulxin (0.25 nM)-induced platelet aggregation, 

however, the inhibitory effect of PK on CRP-induced platelet aggregation was not affected 

by glucose (Fig. 3h), suggesting that collagen is required for the response to elevated 

glucose concentrations. While these findings implicate the role of GPVI in PK-induced 

hematoma expansion, it is possible that PK may also interfere with other mechanisms of 

platelet-collagen interaction. We demonstrate a dose-dependent binding of PK (0.3–1 µM) to 

collagen by surface plasmon resonance spectroscopy (Fig. 4a). This specific binding was 

increased in the presence of 25 mM glucose (Fig. 4b). Ex vivo studies confirmed this finding 

by showing that the binding of PK to rat aorta from which the endothelium has been scraped 

to expose the underlying basement membrane was increased with glucose in a 

concentration-dependent manner (Fig. 4c). Our results suggest that high concentration of 

glucose increases PK binding to collagen, thereby enhancing PK inhibition of collagen-

induced platelet aggregation. Although the mechanism by which glucose increases the 

binding of collagen to PK is not elucidated in this study, previous reports have suggested 

that a short period of hyperglycemia can alter collagen conformation that may facilitate 

protein binding37.

The effect of acute hyperglycemia in NDM rats on hematoma expansion (Fig. 2h) suggested 

that hyperosmolarity may contribute to the effects of high glucose in our ICH model. We 

show that both hyperosmolar mannitol (25 mM) and hyperosmolar salt (12.5 mM) 

(osmolarity: 328 mOsm/L) exerted a similar effect as higher concentration of glucose in 

augmenting the inhibitory effect of PK on collagen-induced platelet aggregation compared 

with normal osmolar buffer (303 mOsm/L), which is comparable with normal osmolality of 

serum (280–303 mOsm/kg) (Fig. 4d). NDM rats treated intravenously with 20% mannitol 

generated similar hematoma expansion at 2 h after PK or blood injection as observed in DM 

rats (Fig. 4e, f). These results suggest that the increase in hematoma expansion associated 

with hyperglycemia is mediated by its accompanying increase in osmolality, which is 

consistent with the report that raised plasma osmolality on admission is associated with 

stroke mortality38. Mannitol has been used to reduce elevated intracerebral pressure and 
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edema in patients with stroke, but its effect on hematoma expansion during ICH has not 

been reported. Our findings suggest that providing mannitol during active ICH may interfere 

with collagen-stimulated platelet aggregation.

We demonstrate that hyperglycemia increased hematoma expansion during the experimental 

ICH and the exacerbation of hematoma expansion was mediated by PK. We have identified 

a novel osmotic-sensitive mechanism for PK inhibition of collagen-induced platelet 

aggregation, which could contribute to impaired hemostasis. Our findings suggest that PK 

represents a target for interfering with hematoma expansion in the setting of hyperglycemia. 

The major limitations of the experimental ICH model used in this report are that the 

initiating event causing cerebrovascular injury does not emulate the etiology of the majority 

of spontaneous ICH in humans39 and responses in healthy rodent models may not fully 

mimic vasculopathies and hemostatic events in patients with ICH. Given the challenges 

inherent in modeling hemorrhage in animal models, additional studies will be needed to 

determine the role of PK in ICH during hyperglycemia in the clinical setting.

METHODS

Intracerebral hemorrhage model

We induced diabetes in Sprague-Dawley rats by intraperitoneal injection of 55 mg/kg of 

STZ in 10 mM citrate buffer (pH 4.5) after overnight fasting, or in mice by intraperitoneal 

injection of 100 mg/kg of STZ in citrate buffer for 2 days. We confirmed diabetes by 

measuring blood glucose (> 250 mg/dL) 24 h after STZ injection. Blood glucose at the time 

of surgery was 442 ± 12 and 109 ± 3 mg/dL for DM and NDM rats, respectively. Initial 

body weight of rats was 250 g and average body weight after 4 weeks was 403 ± 10 g for 

NDM rats and 294 ± 5 g for DM rats, respectively. C57BL/6J-Ins2Akita mice were purchased 

from the Jackson Laboratory. FcR γ-chain–deficiency (Fcer1g−/−) mice were purchased 

from Taconic. We performed all experiments in accordance with the guidelines of the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals and with 

approval from the Animal Care and Use Committee of the Joslin Diabetes Center.

We anaesthetized the rats with pentobarbital (50 mg/kg, ip), surgically exposed the surface 

of the skull and slowly injected 50 µl PBS, 50 µl autologous whole blood (from tail vein), 15 

µg purified human PK (Enzyme Research Laboratories), 30 µg deactivated PK or 5 µM 

bradykinin (Calbiochem) in 50 µl PBS into the brain at 1 mm anterior, 4 mm lateral and 6 

mm in depth to the bregma using a 30 gauge needle. For mice, we slowly injected 10 µl 

saline or autologous whole blood into the brain at 1 mm anterior, 2 mm lateral and 3.5 mm 

in depth to the bregma using a 30 gauge needle. We removed the infusion needle 10 min 

after injection and sealed the burr hole with bone wax. We delivered Hoe140 (1 µg/kg/hr), 

[des-Arg10]-Hoe140 (1 µg/kg/hr) (Sigma), 1-Benzyl-1H-pyrazole-4-carboxylic acid 4-

carbamimidoyl-benzylamide (ASP-440) (14 µg/kg/hr) or its vehicle (10 % polyethylene 

glycol in PBS) by subcutaneous osmotic pump (ALZET) into rats 1 day prior to injection. 

For the mixture of Hoe 140 and [des-Arg10]-Hoe140 injection, 2 µM of each compound was 

mixed with 50 µl blood before injection. For PK-specifc antibody injection, antibody to PK 

(Abcam, final concentration: 0.06 mg/ml) or mouse IgG (final concentration: 0.06 mg/ml) 

was mixed with 50 µl blood prior to injection. For convulxin injection, 35 ng convulxin 
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(Alexis Biochemicals) was mixed with 15 µg PK in 50 µl PBS prior to injection. For GPVI-

specific antibody injection, we injected 10 µg JAQ1 antibody (Amfret Analytics) or rat IgG 

in 30 µPBS into mice brains. For mannitol infusion experiment, we injected a bolus of 15 

ml/kg of 20% mannitol intravenously (calculated plasma osmolality: 320 mOsm/kg) to the 

rats followed by cerebral injection of autologous blood or PK. We continuously infused the 

rats intravenously with 20% mannitol at a rate of 15 ml/kg/h for 2 h to maintain constant 

osmolality. We examined cerebral hematoma area or volume at 30 min, 2 h, or 48 h after 

injection. We perfused the animals with saline through the left ventricle, harvested the 

brains, and determined hematoma areas with Quantity One software (BioRad).

Platelet aggregation

We collected blood from the vena cava of the rats and anti-coagulated with acid-citrate-

dextrose buffer (9:1, v/v). Platelet-rich plasma (PRP) was obtained by centrifugation of the 

blood at 250 g for 15 min. We then centrifuged the PRP at 500 g for 10 min to obtain 

platelet pellets, and washed the pallets 3 times with a modified Tyrode’s buffer without Ca2+ 

(134 mM NaCl, 3 mM KCl, 0.3 mM NaH2PO4, 2 mM MgCl2, 5 mM HEPES, 5 mM 

glucose, 12 mM NaHCO3, 1 mM EGTA, and 3.5 mg/mL BSA). We resuspended the final 

pellets in Tyrode’s buffer with 1 mM CaCl2 but no EGTA and adjusted to a final platelet 

concentration at 2x108 cells/ml. We monitored platelet aggregation using a Chrono-Log 680 

Aggregation System (Chrono-Log) with stirring at 37°C. We activated platelets with equine 

type I collagen (2 µg/ml, Chrono-Log), thrombin (0.25 U/ml, Sigma), or ADP (20 µM, 

Sigma), and recorded the change of transmission. We also monitored platelet aggregation 

using a 96-well microplate reader (PerkinElmer)40. Briefly, the aggregation process was 

carried out in 100 µl volume in a 96 well flat-bottom microplate. Platelets were activated 

with type I collagen (2 µg), collagen related peptide (CRP, 10 ng, University of Cambridge, 

UK), or convulxin (0.25 nM), and the readings were taken every 30 seconds over a 20-

minute period at 405 nm wavelength. The collected data were recorded and converted to 

aggregation curves. The results obtained using the microplate reader were consistent with 

those from platelet aggregometer.

Surface plasmon resonance spectroscopy

We measured the interaction between PK and collagen with a BIAcore 3000 system 

(BIAcore AB) using HES buffer (10 mM HEPES, 150 mM NaCl, 2 mM EDTA, pH 7.4) at 

25°C. Rat tail type I collagen in 10 mM sodium acetate buffer (pH 5.0) was covalently 

coupled to a CM5 chip using an Amine Coupling Kit (BIAcore AB) according to the 

manufacturer's instructions. A control surface underwent the same activation and 

deactivation procedures in the absence of collagen. Regeneration of the collagen surface was 

achieved by running 10 µl of 10 mM glycine (pH 2.0) through the flow cell at 10 µl/min. PK 

solutions at several concentrations were perfused over the immobilized collagen at a flow 

rate of 10 µl/min for 3 min, and the resonance changes were recorded. The sensorgram of 

the immobilized-collagen surface was subtracted from that of the control surface, and the 

data thus obtained were analyzed by BIAevaluation software (BIAcore AB).
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Incubation of rat aortic segments with PK

We isolated rat aorta and placed it in 4°C PBS. We rinsed the aorta free of blood, trimmed 

surrounding connective tissue and the intercostal vessels, opened longitudinally, and gently 

scraped the inner surface with a sterile razor blade to remove the endothelium. We washed 

the vessel 3 times with ice cold PBS and divided it into approximately 4 mm2 pieces. Care 

was given to assure that the exposed aorta was covered by PBS during this procedure. We 

incubated aorta pieces with buffer containing 300 nM PK and glucose (0–50 mM) for 30 

min at 25°C. We then washed the segments, and measured the activity of surface-bound PK.

Statistical analysis

All results are presented as means ± s.e.m. Statistical analysis was performed by one-way 

analysis of variance (ANOVA) followed by Bonferroni’s multiple comparisons test or 

Students’ t-test as appropriate. Statistically significant differences between groups were 

defined as P < 0.05 and are indicated in the legends of the figures.

The methods for generation and characterization of Klkb1−/− mice, systemic hemostasis 

measurement, hemoglobin analysis, Western blotting, cardiac output measurement, 

plasminogen activation, continuous assays of clot formation and lysis, and PK activity assay 

are provided in the Supplementary Methods online.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of kallikrein-kinin inhibition on hematoma expansion in diabetic animals
(a) Representative images of the dorsal surface and (b) the ratio of surface hematoma area to 

hemisphere area of brains at 48 h after intracerebral injection of autologous blood into the 

right hemisphere or sham injection into the left hemisphere from NDM (n = 15) and DM rats 

(n = 11). Scale bar, 2 mm. (c) Representative images and the ratio of surface hematoma area 

to hemisphere area of brains from DM Akita mice (Ins2Akita, n = 10) and the NDM 

littermate WT controls (n = 9) following PBS injection into left hemisphere and autologous 

blood injection into right hemisphere. Scale bar, 2 mm. (d) The ratio of surface hematoma 

area to hemisphere area of brains at 48 h after intracerebral injection of autologous blood to 

NDM rats systemically treated with vehicle (Veh, n = 4) or ASP-440 (440, n = 6), and to 

DM rats systemically treated with vehicle (n = 7), ASP-440 (n = 11), Hoe-140 (Hoe, n = 8), 

or [des-Arg10]-Hoe140 (Des-Hoe, n = 5). (e) The ratio of surface hematoma area to 

hemisphere area of brains at 48 h after intracerebral injection of autologous blood mixed 

with PK-specific antibody into the right hemisphere or IgG into the left hemisphere of DM 

rats (n = 6). (f) Representative images of the coronal slices of brains at 2 h after intracerebral 

injection of blood into the right hemisphere or PBS injection into the left hemisphere from 

diabetic Klkb1+/+ and Klkb1−/−, mice. Scale bar, 2 mm. (g) Hemoglobin content of 

hemispheres subjected to autologous blood from Klkb1+/+ (n = 16), Klkb1+/− (n = 10) and 

Klkb1−/− (n = 23) mice. (h) aPTT from Klkb1+/+, Klkb1+/−, and Klkb1−/− mice (n = 6). * P < 

0.05; ** P < 0.01; *** P < 0.001.
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Figure 2. Effect of intracerebral injection of PK on hematoma expansion in diabetic rats
(a) Representative images of the dorsal surface and coronal slice and (b) the ratio of surface 

hematoma area to hemisphere area of brains at 48 h after intracerebral injection of PK into 

the right hemisphere or PBS injection into the left hemisphere from NDM (n = 5) and DM 

rats (n = 7). Scale bar, 2 mm. (c) Hemoglobin and (d) carbonic anhydrase 1 (CA-1) levels in 

the 5 mm anterior transverse section hemispheres encompassing the injection site. n = 3–7 

rats. (e) Time course of hematoma expansion after intracerebral injection of PK into right 

hemisphere or PBS injection into left hemisphere of DM rats. n = 7–8 rats. (f) Effect of 

insulin treatment on hematoma expansion following intracerebral PK injection in DM rats. n 

= 8–12 rats. (g) Time course of blood glucose level after intraperitoneal injection of saline (n 

= 11) or glucose (n = 15) in rats. (h) The ratio of hematoma area to hemisphere area of 

brains at 0.5 h following intracerebral PK or PBS injections from saline (n = 10) or glucose 

intraperitoneal injected rats (n = 13). (i) The ratio of surface hematoma area to hemisphere 
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area of brains from NDM (n = 8) and DM rats (n = 6) at 0.5 h after intracerebral injection of 

PK or deactivated PK (De-PK). n = 6–14 rats. * P < 0.05; ** P < 0.01; *** P < 0.001.
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Figure 3. Effect of PK on collagen-stimulated platelet aggregation
(a) Effect of PK on collagen-stimulated platelet aggregation. (b) Effect of PK on thrombin 

or ADP-induced platelet aggregation. (c) Effect of glucose on PK-induced inhibition of 

collagen-stimulated platelet aggregation. (d) Effects of PK (160 nM), prekallikrein (160 nM) 

and deactivated PK (De-PK, 160 nM) on collagen-induced platelet aggregation. n = 4 

independent experiments. (e) Hemoglobin content of hemisphere and (f) the ratio of 

hematoma area to hemisphere area of brains from C57BL/6 WT mice subjected to JAQ or 

rat IgG injection in the contralateral hemisphere (n = 6); C57BL/6 WT mice subjected to 

PBS injection (n = 10); and FcR γ-chain-deficiency (Fcer1g−/−) mice subjected to PBS 

injection (n = 5). (g) Effect of convulxin on PK-induced hematoma expansion in DM rats. n 

= 6–19 rats. (h) Effects of PK (160 nM) and glucose (Glu, 25 mM) on CRP or convulxin-

induced platelet aggregation. n = 3–5 independent experiments. Platelet aggregation was 

measured by platelet aggregometer for (a–c) and by microplate reader for (d, h). * P < 0.05; 

** P < 0.01; *** P < 0.001.
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Figure 4. Effect of osmolarity on the binding of PK to collagen, collagen-stimulated platelet 
aggregation, and hematoma expansion
Sensorgram of the interaction of PK with immobilized collagen type I in the (a) absence or 

(b) presence of glucose. (c) Effect of glucose on PK binding to aorta tissue. n = 5 pieces rat 

aorta tissue. (d) Effects of hyperosmotic mannitol or NaCl on PK-induced inhibition of 

collagen-stimulated platelet aggregation. n = 3 independent experiments. (e) Representative 

images and (f) the ratio of surface hematoma area to hemisphere area of the dorsal surface of 

brains at 2 h after intracerebral injection of PK or autologous blood into the right hemisphere 

or PBS injection into the left hemisphere of mannitol-treated NDM rats (n = 6). * P < 0.05; 

** P < 0.01. Scale bar, 2 mm.
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