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Abstract

Cavernous angioma (CA) is a vascular pathology caused by loss of function in one of the 3 CA 

genes (CCM1, CCM2, and CCM3) that result in rho kinase (ROCK) activation. We investigated a 

novel ROCK2 selective inhibitor for the ability to reduce brain lesion formation, growth and 

maturation. We used genetic methods to explore the use of a ROCK2-selective kinase inhibitor to 

reduce growth and hemorrhage of CAs. The role of ROCK2 in CA was investigated by crossing 

Rock1 or Rock2 hemizygous mice with Ccm1 or Ccm3 hemizygous mice, and we found reduced 

lesions in the Rock2 hemizygous mice. A ROCK2-selective inhibitor, BA-1049 was used to 

investigate efficacy in reducing CA lesions after oral administration to Ccm1+/− and Ccm3+/− mice 

that were bred into a mutator background. After assessing the dose range effective to target brain 

endothelial cells in an ischemic brain model, Ccm1+/− and Ccm3+/− transgenic mice were treated 
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for three (Ccm3+/−) or four months (Ccm1+/−), concurrently, randomized to receive one of three 

doses of BA-1049 in drinking water, or placebo. Lesion volumes were assessed by micro-

computed tomography. BA-1049 reduced activation of ROCK2 in Ccm3+/−Trp53−/− lesions. 

Ccm1+/−Msh2−/− (n=68) and Ccm3+/−Trp53−/− (n=71) mice treated with BA-1049 or placebo 

showed a significant dose-dependent reduction in lesion volume after treatment with BA-1049, 

and a reduction in hemorrhage (iron deposition) near lesions at all doses. These translational 

studies show that BA-1049 is a promising therapeutic agent for treatment of CA, a disease with no 

current treatment except surgical removal of the brain lesions.

Keywords

Vascular permeability; Rho kinase; cerebral cavernous malformation; hemangioma; therapeutics

Introduction

Cavernous angiomas (CA), also called cerebral cavernous malformations (CCMs), are 

common cerebrovascular anomalies affecting 0.2 to 0.4% of the population [1]. The lesions 

are multilobed clusters of grossly dilated and thin-walled capillaries in the brain and spinal 

cord [2]. The disease concept has been described as “hemorrhagic proliferative 

dysangiogenesis” [3]. CA lesions range in size from a few millimeters in diameter to several 

centimeters and are susceptible to chronic leakage or overt hemorrhagic events [4, 5]. 

Patients have a wide range of symptoms depending on the location of the lesions including 

nonspecific headaches, seizures, and focal neurological deficits including ataxia, diplopia, 

gait imbalance and vertigo, dysarthria, among other deficits [6].

The familial form of CA is transmitted as an autosomal dominant disorder and the disease 

predisposes patients to develop many lesions, with increasing numbers with age [4]. 

Sporadic form of the disease, accounting for up to 80% of cases, involves a single lesion 

developing spontaneously. A first symptomatic hemorrhage of a CA is associated with a 6% 

per year re-bleed rate, and 42% rate of recurrent bleed or focal neurologic deficit within 5 

years [1]. Lesions in the brainstem confer greater risk of significant intracranial hemorrhage 

[1]. The clinical course of CA lesions that have hemorrhaged is quite serious yet surgical 

removal can lead to poor outcomes [7]. While the location and number of lesions in a given 

individual determines the severity of disease, the existence of even a single lesion may 

predispose a patient to seizures, stroke, neurological deficits, and death.

CA lesions form upon sporadic or germline loss-of-function mutations in one of three genes: 

CCM1 (KRIT1), CCM2 (malcavernin, MGC4607), or CCM3 (PDCD10) [8–10]. The same 

mutations in CCM1, CCM2, or CCM3 genes have been shown to underlie the formation of 

both spontaneous and familial CA [11]. Knudson’s ‘two-hit’ hypothesis explains the 

molecular mechanism for pathogenesis of both sporadic and familial lesions; but the second 

hit may be chemical or environmental, rather than genetic, such as exposure to cytokines in 

response to stress or inflammation [11–13].

Abnormal activation of the RhoA/Rho kinase (ROCK) signaling pathway is a key event in 

many diseases with endothelial dysfunction [14]. CA lesion pathogenesis has been directly 
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linked to ROCK activation in the capillary endothelial cells (ECs) upon CCM1, CCM2, or 

CCM3 loss-of-function CA [15–17]. The CCM proteins are thought to form a complex at 

EC junctions, and loss of any one of the CA proteins results in increased actin stress fibers, 

phosphorylated myosin light chain (pMLC), and vascular permeability [18]. Surgically 

excised human CA lesions also show ROCK activation [16, 19]. Isoforms of ROCK, 

ROCK1 and ROCK2, have overlapping functions. ROCK2, the isoform most highly 

expressed in the central nervous system (CNS), is the key kinase that regulates EC barrier 

function [20] and vascular remodeling [21, 22]. Importantly, ROCK2 is thought to be a 

better drug target because of hypotensive and other side effects of non-specific ROCK 

inhibitors [23, 24]. The hypothesis of this study is that ROCK2 inhibition will inhibit lesion 

burden and hemorrhage in both mild and aggressive models of CCM disease.

CA can be clearly diagnosed by imaging, but there are no pharmacological treatment 

options. The standard of care is watchful waiting, until neurosurgical removal is deemed 

unavoidable. There are no drug treatments to prevent leakiness or hemorrhage and the 

behavior of individual lesions is variable and unpredictable. After diagnosis, patients are 

unable to prepare for or prevent re-occurrence of symptoms.

Here we investigate the potential of a ROCK2-selective ROCK inhibitor, BA-1049 [25] to 

prevent CA disease progression in two different transgenic animal models. BA-1049 was 

designed via a rational method based on structural comparison to non-specific inhibitors of 

ROCK, and IC50 assays show 20–80-fold greater potency for ROCK2 vs ROCK1. BA-1049 

is metabolized to an active metabolite that also shows selectivity for ROCK2. Neither 

BA-1049 nor the metabolite inhibits PKA or PKC at physiological ATP concentrations, 

which is important for safety considerations [23].

Before initiating the study, we chose to study two of the three CA lines. We have studied 

Ccm1 transgenic mice because CCM1 is the most prevalent genotype [13] and is prevalent 

in American Hispanic populations, arising as a founder effect [8, 26]. We also studied 

transgenic mice with Ccm3 mutations because CCM3 lesions are particularly aggressive 

[19]. Since CA mutations are lethal in the homozygous state, we bred hemizygous Ccm 
mice with strains defective in DNA repair to enhance the rate of lesion formation [19, 27]. 

The results show that BA-1049 is a promising drug candidate to reduce lesion growth and 

hemorrhage in both CCM1 and CCM3 models of CA.

Materials and methods

The data that support the findings of this study are available from the corresponding author 

upon reasonable request. An expanded Methods section is available in the supplementary 

file.

Study design

The study was designed to investigate the role of ROCK2 in development of CA and the 

functional impact of ROCK2 inhibition in vitro and in transgenic mice with CA Ccm1 or 

Ccm3 mutations. All experiments were randomized and rigorously blinded by dosing of 
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animals coded in the Marchuk lab prior to sending to the Awad lab for analysis of brain CA 

lesions, masked for treatment rendered.

Experimental animals

To examine dose-response we used C57BL/6 mice at 8 to 12 weeks of age, the same line 

used to create the transgenic mice. A 60 minute transient ischemia was induced by middle 

cerebral artery occlusion (MCAO). Upon awakening, mice were scored for behavior on a 5-

point scale, as described [28] and animals with circling behavior (scores of 2 or 3) were 

included in the study. Mice were euthanized 4 hours after reperfusion, brain tissue dissected 

into ischemic and contralateral hemispheres, prepared for Western blot and levels of 

phosphorylated Cofilin (pCofilin) determined.

Ccm3+/−Rock1+/− and Ccm3+/−Rock2+/− mice were generated by crossing mice hemizygous 

for deletion of the Ccm3 gene [19] with mice hemizygous for deletion of either Rock1 or 

Rock2 [29]. Ccm3+/− mice that were either wild-type or hemizygous for deletion of Rock1 
or Rock2 were aged to 20 weeks and sacrificed by inhalation of carbon dioxide and 

decapitation. Brains were surgically extracted and placed into a 10% neutral buffered 

formalin fixative solution.

The Ccm3+/− mouse model was generated in the sensitized background of complete deletion 

of Trp53 [19]. The Ccm1+/− model was generated in the sensitized background of complete 

deletion of Msh2 [27]. Multiple mouse models of CCM disease are available, each with its 

inherent strengths and weaknesses. Heterozygous Ccm1 mutant mice do not develop a 

measurable lesion burden while Ccm3 mice develop a low but measurable burden. By 

contrast, the CCM mouse models in sensitized genetic backgrounds (Trp53 or Msh2 null 

backgrounds) develop CCM throughout the brain, and significantly, the larger lesions then 

develop the bleeding characteristic of the human phenotype. Thus these sensitized models 

are more useful in pre-clinical drug studies where CCMs gradually develop into the mature, 

hemorrhagic, and clinically-relevant lesion. We chose different sensitizers for the Ccm1 and 

Ccm3 mice based on years of attempting to generate a robust CCM phenotype for each 

genotype while exhibiting a low tumor burden and a reasonable breeding capacity [19, 27, 

30].

Groups of mice to be compared were raised and treated contemporaneously. The neonatal 

mice were genotyped and those with the correct genotype were randomly recruited into the 

study in one of the 3 dose groups or placebo. The dose groups were 1, 10 or 100 mg/kg/day. 

Based on lesion burden in prior studies with the same models, and its non-normal 

distribution, we predetermined that a sample size of 20 mice per group would have a greater 

than 80% power to detect a therapeutic effect, by a non-parametric test for scale. The study 

was randomized, placebo controlled, and blinded to both treatment and analysis. All mice 

were put on drug or placebo treatment at weaning. The Ccm3+/−Trp53−/− mice were 

sacrificed at 3 months, and the Ccm1+/−Msh2−/− at 4 months unless a decline in animal 

health required earlier euthanasia. Mice were sacrificed by inhalation of carbon dioxide and 

decapitation. Brains were surgically extracted and placed into a 10% neutral buffered 

formalin fixative solution. Plasma was collected from all dose groups, and aorta, carotid 

artery, the inferior vena cava were collected from all animals in the 100 mg/kg/day treatment 
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group. In some mice of the Ccm3+/−Trp53−/− cohort, the spinal cords were also dissected at 

time of sacrifice. A quantitative assessment of lesion volume was carried out by micro-

computed tomography (micro-CT) as previously described [31]. The CA lesions in the 

spinal cord were photographed in situ, and dissected out, placed into individual cryotubes, 

and flash frozen. The samples were prepared for Western blots as describe in the Detailed 

Methods (in supplementary file). The analytical methods to determine plasma and tissue 

concentrations of BA-1049 and M1 are described in the supplemental methods.

Pharmacokinetic studies in mice

To understand pharmacokinetics in mice in preparation for transgenic mouse studies we 

compared oral gavage (30 mg/kg) and intravenous (I.V.) delivery (5 mg/kg) of BA-1049 

HCl. The in vivo portion of the study was carried out at Calvert Labs (Scott Township, PA) 

and bioanalytical liquid chromatography-mass spectrometry (LC-MS) analysis to detect 

BA-1049 and the active M1 metabolite in plasma and whole brain was carried out by MPI 

Research/Charles River (Mattawan, MI). Analysis of plasma and brain was performed at 

multiple time points after oral or I.V. dosing.

In the transgenic mice, plasma was collected at the time of euthanasia. Vascular tissue 

exposure and quantification of BA-1049 and M1 was undertaken on tissue isolated 

immediately after blood collection. Inferior vena cava and abdominal aorta were harvested 

from just superior to their distal, caudal bifurcations rostrally to just superior of the renal 

vein and artery. Common carotid arteries were dissected from the neck bilaterally.

Statistical analysis

Statistical analyses were performed using SAS9.4 (SAS Institute Inc., Cary, NC), R v3.4.4 

(R Foundation for Statistical Computing, Vienna, Austria) and GraphPad Prism 7.00 

(GraphPad Software Inc., La Jolla, CA). All probability (P) values were considered to be 

statistically significant at P<0.05. Data from cell culture studies are presented as mean ± 

S.E.M. unless otherwise noted.

The primary outcome analysis for the transgenic mice studies were pre-specified to measure 

lesion volume by mouse brain volume, and to use non-parametric statistical tests. Previous 

studies showed that lesions are not normally distributed [32, 33]. When most of data per 

group was non-zero, the 2-sided Conover 2-sample test [34] was used because the individual 

data points are weighted to improve sensitivity. If one of the groups contained more zero 

values than non-zero values, the Mann-Whitney U test was used to test for significant 

differences per group to avoid possible statistical errors due to over emphasis of weighted 

outlying data points. Similar non-parametric statistical analyses were conducted with the 

non-heme iron deposition data which were not normally distributed. Outliers were removed 

if they were beyond 2 standard deviations from the mean. The Pearson χ2 test was used to 

compare the proportions of mice with and without lesions.

The body weights of mice were normally distributed, and parametric tests were used to test 

for statistical significance. The F test was used to evaluate the variances between two 

unpaired groups. The differences between the two groups were compared using Student’s t-
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test with equal variances and Welch’s t test with unequal variances. The log-rank (Mantel-

Cox) test was used to compare the survival of animals between treatment groups.

Results

Ccm3+/−Rock2+/− mice have reduced CA burden

We used genetics to investigate the role of Rock1 versus Rock2 in formation and maturation 

of CAs. Mice hemizygous for deletion of the aggressive Ccm3 gene [19] were crossed with 

mice heterozygous for deletion of either Rock1 or Rock2 [35]. Homozygosity for either 

Rock1 or Rock2 loss is lethal in the embryonic stage but the Rock1 and Rock2 
heterozygotes are viable with low rates of attrition (Table 1) and normal weight gain Table 

S1 (in supplementary file). Previous studies showed that they have approximately 50% less 

ROCK1 and ROCK2 transcript/protein, respectively [29]. At 20 weeks of age, the brains of 

the Ccm3+/− mice that were either wild-type or heterozygous for deletion of Rock1 or Rock2 

were examined for presence of lesions by micro-CT, a non-destructive technique that 

allowed three-dimensional volumetric measurements on the transgenic mouse brains. The 

Rock1 heterozygotes had the same lesional CA volume per brain as the wild-type Rock1 
mice and there was no difference in the leakage of non-heme iron from the CAs in these 

mice (Fig. 1a). Also, with the Ccm3+/−Rock1+/+ and the Ccm3+/−Rock1+/− mice, the number 

of mice with lesions was not significantly different (Fig. 1b). By contrast, the Rock2 
heterozygotes had significantly fewer lesions than the wild-type Rock2 mice, and the 

leakage of non-heme iron in the brains of Ccm3+/−Rock2+/+ mice was significantly higher 

than in Ccm3+/−Rock2+/− mice (Fig. 1c). Also, there were significantly more mice with 

lesions in the wild-type Rock2 homozygotes compared to the hemizygotes (Fig. 1d). This 

experiment could not be performed with Ccm1+/− mice, as this less aggressive genotype 

develops no lesions in the absence of sensitization by concomitant Msh2 or Trp53 loss.

Dose-response studies with BA-1049

Cofilin is an actin-binding protein that is specifically phosphorylated by ROCK2, and not 

ROCK1 [36]. To examine the dose-response of BA-1049 to inhibit ROCK2 in brain 

endothelial cells, we used pCofilin as a biomarker of ROCK activation after transient 

ischemia because of the well-characterized activation of ROCK in in brain after ischemia 

[37] (Fig. 2a). In pilot experiments, we observed a dramatic increase in pCofilin on the 

ischemic side of the brain after a transient MCAO (Fig. 2b). To determine dose-response of 

BA-1049, we measured pCofilin in brain homogenates harvested 4 hours after a single 

intraperitoneal dose of BA-1049. Increasing concentrations of BA-1049 demonstrated a 

trend to dose-dependently decrease the ratio of pCofilin on the left (ischemic) versus right 

side of the brain (Fig. 2c). Results suggested that 1 mg/kg BA-1049 was the minimum 

effective dose, with effectiveness up to and including 10 mg/kg giving the most consistent 

response. Therefore, we chose to use 1, 10 and 100 mg/kg/day in drinking water for the 

transgenic mouse experiments.

Dose-dependent reduction in lesion formation in Ccm1 and Ccm3 mutant mice

Dose-dependent effects of BA-1049 on CA lesion development were studied in 96 mice with 

a Ccm1+/−Msh2−/− genotype and 87 mice with Ccm3+/−Trp53−/− genotype. Mice bred into 
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the mutator backgrounds have normal weight gain Table S2 (in supplementary file) but show 

high rates of attrition (Table 2) due to brain hemorrhage or other causes Table S3 and S4 (in 

supplementary file). The survival curves for the three doses of 1, 10 or 100 mg/kg/day 

provided in the drinking water in Ccm1+/−Msh2−/− mice (Fig. 3a) and Ccm3+/−Trp53−/− 

mice (Fig. 3b) showed no detrimental effect of any dose on survival. Some mice died or 

were euthanized before the end of the study, and attrition rates are shown in Tables S3 and 

S4 (in supplementary file). There was no noticeable change in neurological behavior or 

cognitive function in mice administered BA-1049. The Ccm1 genotype is less aggressive 

than Ccm3, and not all Ccm1+/−Msh2−/− mice develop lesions.

The number of Ccm1+/−Msh2−/− mice harboring CA lesions decreased with increasing doses 

of BA-1049 (Fig. 4a). The lesion volume per brain volume determined by micro-CT was 

significantly different from placebo for the high dose group in the Ccm1 mice (Fig. 4b–d). 

The effect was most marked on the large, multi-cavernous lesions in Fig. S2 (in 

supplementary file) called Stage 2 lesions [32].

The Ccm3 genotype is a more aggressive genotype and most brains develop CA lesions and 

lesions are also detected in the spinal cord. Brains of the Ccm3+/−Trp53−/− mice were 

analyzed by micro-CT for lesion volume. The mice treated with 10 mg/kg/day and 100 

mg/kg/day of BA-1049 showed significantly reduced lesion volume (Fig. 5a–c). The larger, 

multicavernous stage 2 lesions were those with reduced volume (Fig. S2 in supplementary 

file). We dissected the spinal cord of some of the treated and placebo mice (Fig. 5d) to take 

lesions for biochemical analysis of ROCK activation by Western blot, using pCofilin as a 

biomarker for in vivo ROCK activation. In the Ccm3+/−Trp53−/− mice treated with 100 

mg/kg/day BA-1049, reduced pCofilin signal was detected, as compared to placebo (Fig. 

5e).

Reduction of non-heme iron deposition around CA lesions after treatment with BA-1049

After microCT the mouse brains were processed for Perls Prussian blue staining to detect 

non-heme iron, which is a hallmark of chronic hemorrhage in the lesions. The untreated 

control Ccm1+/−Msh2−/− mice did not have significant iron deposition, with only three of 19 

mice showing detectable staining for non-heme iron and only one of 68 CA lesions with an 

integrated density of non-heme iron over 1 X 104, consistent with the lower penetrance and 

severity of the mouse model. By contrast, all 20 of the 20 Ccm3+/−Trp53−/− placebo-treated 

mice had detectable non-heme iron staining, with the blue staining was observed adjacent to 

lesions (Fig. 6a and b). Significantly, even the low dose mice treated with 1 mg/kg/day of 

BA-1049-treated showed decreased Perls staining adjacent to lesions (Fig. 6a). Quantitative 

analysis of the staining density (Fig. 6a) showed that the Ccm3+/−Trp53−/− mice have 

significant reduction in non-heme iron per lesional area in all dose groups.

Analysis of drug plasma levels after oral delivery in drinking water

Pharmacokinetic studies in rats show that oral administration of BA-1049 generates an 

active metabolite, M1 [25]. Pharmacokinetic studies in mice show that the M1 metabolite is 

present in plasma after oral or IV administration of BA-1049 (Fig. 7a). To further understand 

the pharmacokinetics of BA-1049 and M1 in BA-1049-treated transgenic mice, we collected 
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plasma and vascular tissues from some of the mice at the time of sacrifice (Fig. 7b–e). M1 

was the dominant metabolite in mouse plasma with average levels of 4.6, 26 and 120 ng/mL 

in mice treated with 1, 10 and 100 mg/kg/day of BA-1049, respectively. Much greater of 

amounts of BA-1049 and M1 were observed in vascular tissue from the BA-1049-treated 

mice that included aorta (Fig. 7c), carotid artery (Fig. 7d), and inferior vena cava (Fig. 7e).

Discussion

We report here studies in transgenic mice to investigate a novel ROCK2 selective inhibitor to 

stop progression of the disease phenotype in CA. Loss-of-function mutations in CCM1, 

CCM2, or CCM3 genes cause CAs in both hereditary and sporadic disease [11]. Solitary 

sporadic lesions can often be removed surgically, but there is no approved treatment to stop 

continued growth and development of multiple lesions in the hereditary form of the disease. 

ROCK is a kinase that critically regulates EC barrier function [38] and EC organization 

during angiogenesis [39]. ROCK has been identified as a potential target for treatment of CA 

[15, 40] and ROCK activation has been demonstrated in a number of surgically excised 

human CA lesion specimens from sporadic and all three familial genotypes [11, 16, 19]. The 

studies we report here demonstrate that ROCK2 is the important ROCK isoform for CA 

lesion development, and a ROCK2-selective inhibitor BA-1049 has potential to reduce 

disease progression.

Transgenic mice hemizygous for CCM1 or CCM3 and bred into a mutator background quite 

faithfully recapitulate the human disease. Both the Ccm1+/−Msh2−/− mice and 

Ccm3+/−Trp53−/− mice develop CA lesions, which are leaky clusters of EC lesions in the 

brain that increase in size and number over time [5, 27]. Other studies found that Fasudil, a 

non-specific ROCK inhibitor, decreased lesion burden and reduced permeability in 

Ccm1+/−Msh2−/− mice and Ccm2+/−Trp53−/− mice when provided in drinking water at 100 

mg/kg/day [27]. Fasudil inhibits both isoforms of ROCK as well as protein kinase A and 

other kinases [41]. It is approved in Japan to treat vasospasm following subarachnoid 

hemorrhage, but it does not have sufficient safety profile for long-term use. Accumulating 

data show that drugs that specifically target the ROCK2 isoform are more promising for 

development of systemic therapies: ROCK1 and ROCK2 have distinct roles in vascular 

smooth muscle cell function [42] and targeting ROCK2 helps avoid unwanted cardiovascular 

side effects attributed to ROCK1 inhibition [23, 43, 44]. BA-1049 is an orally-available 

ROCK2-selective inhibitor [25] and here we report there was no dose-dependent attrition of 

the mice even after 4 months of 100 mg/kg/day oral delivery. We found that BA-1049 is 

effective in reducing lesion burden in both Ccm1+/−Msh2−/− mice and Ccm3+/−Trp53−/− 

mice, suggesting the potential for drug development for treatment of all forms of CA. 

Moreover, our studies with Ccm3+/−Rock1+/− and Ccm3+/−Rock2+/− mice showed that 

ROCK2 is the important isoform to target. While it would be interesting to investigate if any 

lesions reappeared at a later period after the 3- to 4- month treatment, this was beyond the 

scope of this study.

ROCK1 and ROCK2 are highly homologous kinases with overlapping functions. ROCK2 is 

the isoform highly expressed in the CNS, and both ROCK1 and ROCK2 are important in the 

regulation of actin cytoskeleton [36]. The Ccm3+/−Rock1+/− and Ccm3+/−Rock2+/− mice we 
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used in our studies to investigate the ROCK isoform important in CA have reduced levels of 

ROCK1 and ROCK2, respectively [35]. Only the Ccm3+/−Rock2+/− mice showed reduced 

lesion volume compared to their Rock wild-type control. Although studies of silencing 

ROCK1 or ROCK2 in cells depleted of CCM1 point to a major role of ROCK1 in the 

regulation of actin cytoskeleton and adherens junctions in human umbilical vein ECs grown 

in culture and in zebrafish cardiac morphogenesis [45], this is the first study that 

demonstrates a critical role of the ROCK2 isoform in lesion growth and maturation in vivo. 
Oral in vivo administration of BA-1049 results in the production of an active metabolite [25] 

and was the predominant compound in plasma of mice fed BA-1049 in their drinking water 

(Fig. 7). While both BA-1049 and M1 are selective for ROCK2, M1 may inhibit some 

ROCK1 in vascular tissue where higher levels of both BA-1049 and M1 were found, 

compared to plasma.

In our transgenic mouse studies, it was not feasible to treat the animals by oral gavage 

because of the number of animals recruited into the study (n=96 Ccm1 and n=87 Ccm3) 

(Tables 1 and 2), the length of treatment over 3 or 4 months, and the initiation of treatment 

immediately after weaning. We treated the animals by addition BA-1049 to their drinking 

water, after confirming a minimum of 24 days stability of BA-1049 in aqueous solution, and 

we did not use solutions for more than a week. Mice are thought to drink approximately 5–8 

times per day [46] and therefore the drug levels in plasma would increase and decrease 

according to time after drinking. With exposure in drinking water, the animals are not 

expected to show a large Cmax, compared to oral gavage, but to maintain a lower steady-

state drug level. Plasma in the mice was collected at euthanasia, and showed very low levels 

of parent drug at all doses (below 20 ng/mL) with the M1 metabolite, which is an active 

metabolite [25], being the dominant form of the drug in plasma. The lowest dose of 1 

mg/kg/day was effective for reduction in non-heme iron deposition around lesions, despite 

very low plasma levels, which is likely because ECs retained higher levels, as shown in Fig. 

7. An examination of drug levels in blood vessels showed much higher levels of M1 in blood 

vessels than in plasma, and we speculate that ECs that make up the lesions do not rapidly 

export the drug, leading to sustained repression of ROCK2.

It is possible that the effectiveness of low doses of BA-1049 on reducing CA permeability 

reflect the difference of the importance of the two isoforms on different physiological 

aspects of CA lesions. In human disease, imaging shows that CA lesions have a defective 

cell permeability barrier [47] and Ccm3+/−Rock1+/− transgenic mice have substantial 

deposition of non-heme iron near lesions. Even the low dose of BA-1049 of 1 mg/kg/day 

dramatically reduced deposition of non-heme iron. Higher doses of BA-1049 effectively 

reduced lesion burden in both Ccm1 and Ccm3 transgenic mice. BA-1049 did not 

completely prevent formation and/or growth of all CA lesions despite the lowest doses being 

effective to reduce iron deposition. Atorvastatin, which acts on Rho through preventing 

isoprenylation, also reduces iron burden and growth of stage 2 lesions, but does not prevent 

lesion genesis [30]. While the safety of atorvastatin in humans with CA and recent 

symptomatic hemorrhage is currently being assessed in a Phase I-IIA proof of concept trial 

(clinicaltrials.gov: NCT02603328) [48], concern has been raised about brain hemorrhage 

with statins, and other pleiotropic effects beyond ROCK inhibition [49]. ROCK1 and 

ROCK2 have complex roles in normal angiogenesis and in the aberrant angiogenesis that 
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causes lesion growth. In normal ECs, the ROCK1/2 inhibitor Y27632 reduces EC tube 

formation [15, 50], however in CCM-gene depleted ECs, Y-27632 has the opposite effect 

and rescues tube formation [15]. When ROCK is hyperactivated, Rho is also repressed by 

ROCK [51]. We speculate that this feedback loop may be defective in CAs, and therefore, 

perhaps a combination to repress both Rho with statins and ROCK with BA-1049 may more 

potently reduce de novo lesion formation. Many complex CNS disease respond better to 

combinations, and an important avenue for future research in CA will be to understand how 

multimodal therapies can not only reduce progression of disease, but prevent lesions from 

forming.

These studies demonstrate that BA-1049 has promise to reduce CA disease progression, 

both by reducing non-heme deposition near lesions as well as reducing lesion growth and 

maturation, while showing a promising safety profile after long-term (3–4 months) oral 

administration. BA-1049 treatment could provide alternatives to surgical removal of 

symptomatic CAs and will be developed in the future for the specific indication of reducing 

the burden of CA disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
The effect of Rock haploinsufficiency on cavernous angioma lesion burden and hemorrhage 

in Ccm3+/− models. Rock1 haploinsufficiency did not affect (a) lesion burden (left axis, red) 

and non-heme iron deposition (right axis, blue) per mouse, and (b) the percentage of mice 

with mature, multi-cavernous Stage 2 lesions. In contrast, Rock2 haploinsufficiency 

significantly decreased (c) lesion burden (P=0.011) and non-heme iron deposition (P=0.049) 

per mouse, and (d) the percentage of mice with Stage 2 lesions (P=0.040). The Mann 

Whitney U test (a, c) and χ2 test (b, d) were used to assess for significant differences. 

*P<0.05.
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Fig. 2. 
Dose-response for BA-1049 to reduces ROCK hyperactivation in mice. (a) Experimental 

design of 60 minute transient middle cerebral artery occlusion (tMCAO) in C57BL/6 mice 

used to examine dose-response after a single application of BA-1049. (b) Increase in 

phosphorylated Cofilin (pCofilin) is detected in the left (L) ischemic side in brain after 

tMCAO compared to the right (R) contralateral side. (c) Dose-response determined as ratio 

of pCofilin expression on the ischemic left side of brain compared to right brain (pCofilin 

L/R) after MCAO lesion and treated with vehicle, 0.1, 1, 3 or 10 mg/kg BA-1049 HCl. There 

was a trend towards an effect of BA-1049 on ROCK activation (χ2(4) = 8.757, P=0.0675, 

n=4 animals per group).
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Fig. 3. 
Attrition in cavernous angioma models treated with BA-1049. (a) Ccm1+/−Msh2−/− models 

were treated with 0 (n=26), 1.0 (n=20), 10 (n=25) or 100 (n=25) mg/kg/day BA-1049 from 

weaning to the earliest age for the end of treatment (105 days of age). (b) Ccm3+/−Trp53−/− 

models were treated with 0 (n=24), 1.0 (n=22), 10 (n=18) or 100 (n=24) mg/kg/day 

BA-1049 from weaning to the earliest age for the end of treatment (77 days of age). Kaplan-

Meier plots show no significant effect of treatment on survival compared with placebos. The 

log-rank (Mantel-Cox) test was used to assess for significant differences.
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Fig. 4. 
The effect of BA-1049 therapy on cavernous angioma (CA) lesion burden in 

Ccm1+/−Msh2−/− models. (a) There was a trend (P=0.063) for fewer mice harboring CA 

lesions that were treated 100 mg/kg/day BA-1049 compared with placebos. (b) Treatment 

with 100 mg/kg/day BA-1049 significantly decreased lesion burden compared with placebos 

(P=0.022). Representative micro-computed tomography show (c) more prevalent CA lesions 

(red areas) in placebos than in (d) mice treated with 100 mg/kg/day BA-1049. No significant 

effect was found with treatment at lower doses of BA-1049. The χ2 (a) test and Mann 

Whitney U test (b) were used to assess for significance. *P<0.05. There were 18, 13, 16 and 

17 animals per group treated with 0, 1.0, 10 and 100 mg/kg/day BA-1049 respectively.
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Fig. 5. 
The effect of BA-1049 therapy on the Ccm3+/−Trp53−/− model. (a) BA-1049 therapy at 10 

and 100 mg/kg/day significantly decreased cavernous angioma (CA) lesion burden 

(P=0.002, P=0.003 vs. placebo, respectively). There were 20, 15, 16 and 18 animals per 

group treated with 0, 1.0, 10 and 100 mg/kg/day BA-1049 respectively. Representative 

micro-computed tomography show (b) more prevalent CA lesions (red areas) in placebos 

than in (c) mice treated with 100 mg/kg/day BA-1049. (d) A spinal cord (SC) from a 

Ccm3+/−Trp53−/− mouse showing CA lesion on the ventral surface. (e) Western blot probed 

with antibodies to ROCK2, tubulin as control and phosphorylated Cofilin (pCofilin) as a 

biomarker of ROCK activation. Human umbilical vein ECs (HUVECs) treated with 

lipoprotein(a) to activate ROCK2 were used as a ROCK activation control. Lesion and SC 

samples from a mouse treated with 100 mg/kg/day BA-1049 is shown and compared with a 
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mouse given placebo. The 2-sided Conover 2-sample test was used to assess for significant 

differences. *P<0.05.
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Fig. 6. 
The effect of BA-1049 therapy on hemorrhage in the Ccm3+/−Trp53−/− model. (a) BA-1049 

therapy at 1.0, 10 and 100 mg/kg/day significantly decreased non-heme iron per Stage 2 

lesional area compared with placebos (P=0.037, P=0.0015, P=0.00003 vs. placebo, 

respectively). There were 108, 85, 95 and 112 mature, multicavernous Stage 2 lesions per 

group in animals treated with 0, 1.0, 10 and 100 mg/kg/day BA-1049 respectively. 

Representative cavernous angioma lesions show (b) the presence of non-heme iron (blue 

Perls stain) in placebos and (c) non-heme iron lacking in mice treated with 100 mg/kg/day. 

The Mann Whitney U test was used to assess for significant differences. Bar, 500 µm. 

*P<0.05.
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Fig. 7. 
Pharmacokinetics and exposure of BA-1049 and M1 in Ccm mice. (a) Pharmacokinetic 

analysis of BA-1049 (circles) and metabolite M1 (squares) after oral (P.O.; 30 mg/kg; n = 4 

at each time point) and intravenous (I.V.; 5 mg/kg; n = 4) delivery of BA-1049 in mice. (b) 

BA-1049 (gray) and M1 (black) content in plasma of Ccm1 and Ccm3 mice after 4 or 3 

months of treatment (respectively) of 1.0 (n = 11), 10 (n = 14), or 100 (n = 38) mg/kg/day 

BA-1049 in drinking water. (c) BA-1049 (gray) and M1 (black) content in aorta of Ccm1 
and Ccm3 mice after 4 or 3 months of treatment (respectively) of 1.0 (n = 9), 10 (n = 11), or 

100 (n = 35) mg/kg/day BA-1049 in drinking water. (d) BA-1049 (gray) and M1 (black) 

content in carotid of Ccm1 and Ccm3 mice after 4 or 3 months of treatment (respectively) of 

1.0 (n = 8), 10 (n = 10), or 100 (n = 25) mg/kg/day BA-1049 in drinking water. (e) BA-1049 

(gray) and M1 (black) content in inferior vena cava (IVC) of Ccm1 and Ccm3 mice after 4 
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or 3 months of treatment (respectively) of 1.0 (n = 8), 10 (n = 20), or 100 (n = 23) 

mg/kg/day BA-1049 in drinking water.
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Table 1

Total mice enrolled to study ROCK1 versus ROCK2

Treatment Completed Study Attrition Total

Genotypes

Ccm3+/−Rock1+/+ 18 2 20

Ccm3+/−Rock1+/− 22 1 23

Total mice 40 3 43

Genotypes

Ccm3+/−Rock2+/+ 23 0 23

Ccm3+/−Rock2+/− 23 1 24

Total mice 46 1 47
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Table 2

Total mice enrolled to study effect of BA-1049 on CCM1 and CCM3 disease

Treatment Completed Treatment Attrition Total

Ccm1+/−Msh2−/−

Placebo 19 7 26

1mg/kg/day 14 6 20

10 mg/kg/day 17 8 25

100 mg/kg/day 18 7 25

Ccm3+/−Trp53−/−

placebo 20 4 24

1 mg/kg/day 16 6 22

10 mg/kg/day 16 2 18

100 mg/kg/day 19 5 24
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