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Introduction

Cerebral cavernous malformations (CCMs) are vascular anomalies
caused by mosaic inactivation of KRITI (also known as CCMI),
CCM2, or PDCDIO0 (also known as CCM3) (1). We recently used
CRISPR/Cas9 mutagenesis to mosaically inactivate zebrafish
ccm2, resulting in multicavernous CCM-like lesions in the embry-
onic caudal venous plexus (CVP) caused by abortive intussuscep-
tive angiogenesis (ref. 2 and Supplemental Figure 1; supplemental
material available online with this article; https://doi.org/10.1172/
JCI144893DS1). In addition to its gross resemblance to CCM, the
multicavernous CVP lesion shares a common pathogenesis with
mammalian CCM through its initiation by mosaicism for CCM2
and its dependence on KLF2 transcription factors. Thus, the
zebrafish CVP cavernoma serves as a facile in vivo model for rapid
analysis of mechanisms of CCM formation.

Several case reports (3-7) and an ongoing randomized, con-
trolled pilot trial, Treat CCM (ClinicalTrials.gov NCT03589014)
(8), have proposed treating CCMs with propranolol, a pleio-
tropic, nonselective B adrenergic receptor blocker. It is unclear
whether the anecdotally reported effects impact lesion growth or
bleeding. Propranolol has been the frontline therapy for infan-
tile hemangioma since 2015, when results from a randomized,
controlled trial showed it to be effective (9), and it has been pro-
posed for the treatment of other vascular abnormalities (10). The
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Propranolol, a pleiotropic p-adrenergic blocker, has been anecdotally reported to reduce cerebral cavernous malformations
(CCMs) in humans. However, propranolol has not been rigorously evaluated in animal models, nor has its mechanism of action
in CCM been defined. We report that propranolol or its S(-) enantiomer dramatically reduced embryonic venous cavernomas

in ccm2 mosaic zebrafish, whereas R-(+)-propranolol, lacking p antagonism, had no effect. Silencing of the p1, but not

P2, adrenergic receptor mimicked the beneficial effects of propranolol in a zebrafish CCM model, as did the p1-selective
antagonist metoprolol. Thus, propranolol ameliorated cavernous malformations by 1 adrenergic antagonism in zebrafish.
Oral propranolol significantly reduced lesion burden in 2 chronic murine models of the exceptionally aggressive Pdcd10/Ccm3
form of CCM. Propranolol or other B1-selective antagonists may be beneficial in CCM disease.

mechanism of action of propranolol in vascular malformations
is unclear; however, recent studies proposed that the effect of
propranolol on infantile hemangiomas is ascribable to its capac-
ity to inhibit SOX18 rather than to induce p adrenergic antago-
nism (11). A potential effect of propranolol on CCM has not been
investigated in animal models, and a mechanism of action has
not been defined.

Zebrafish B-adrenergic receptor orthologs including adrbl
and adrb2a have been identified (12), and B antagonists, such
as propranolol and metoprolol, alter heart function in zebra-
fish, analogous to their effects in mammals (13, 14). Here, we
investigated the effect of propranolol on embryonic zebrafish
multicavernous malformation and on lesion burden and hem-
orrhage in 2 murine chronic CCM models. Using the zebrafish
CVP model, we show that the beneficial effect could be ascribed
to p-adrenergic receptor antagonism and that silencing of the
pl-adrenergic receptor had a similar beneficial effect on lesion
formation. We conducted studies in murine models involving
the loss of Ccm3/Pdcd10 because of this model’s exception-
al disease aggressiveness (15). The sensitized heterozygous
(Pdcd10- Trp5377) chronic disease model has already been
used in several studies investigating the effect of other treat-
ments on CCM disease, including Rock inhibition and B cell
depletion (16, 17). More recently, the induced homozygous
(Pdcd10£¢K0) chronic disease model was used to determine the
effect of Rock inhibition, tempol, and vitamin D on CCM lesions
(18). We demonstrated that propranolol reduced lesion burden
in all 3 animal models involving 2 species and different CCM
genes. Effects were observed in both sexes. Thus, these preclin-
ical studies provide support for clinical trials of propranolol or
more Bl-selective antagonists in CCM.
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Results and Discussion

Racemic propranolol but not R-(+)-propranolol rescues cavernous
vascular lesion development in ccm2 CRISPR embryos. Propranolol
is a nonselective B-antagonist and has a number of pleiotropic
effects apart from B-adrenergic antagonism. For example, the
beneficial effect of commercial racemic propranolol on infantile
hemangioma has been ascribed to SOX18 inhibition by its R(+)
enantiomer (13). To test the effect of propranolol on embryonic
zebrafish cavernous malformations, we injected cas9 mRNA and
guide RNAs (gRNAs) targeting ccm?2 into single-cell Tg(flil:EGFP;
gatal:DsRED) embryos. We added 100 uM racemic, S-(-)-pro-
pranolol or R-(+)-propranolol 24 hours post fertilization (hpf) and
imaged GFP* endothelial cells and DsRED" red blood cells 30, 36,
and 48 hpf. In racemic propranolol-treated and S-(-)-proprano-
lol-treated embryos, the CVP underwent a normal progression
of sprouting angiogenesis and remodeling to form the dorsal and
ventral veins interconnected by a venous plexus (Figure 1, A, B, E,
F, I, and J). In sharp contrast, by 30 hpf, 30% of the R-(+)-propran-
olol-treated (Figure 1C) and control (Figure 1D) embryos exhibit-
ed intussusceptive pillars (arrows) within the dorsal vein lumen. At
36 hpf, racemic propranolol-treated (Figure 1E) and S-(-)-propran-
olol-treated (Figure 1F) embryos formed a ventral vein, whereas
the ventral vein did not form in R-(+)-propranolol-treated (Figure
1G) or control (Figure 1H) embryos, and intussusceptive pillars
persisted within the dorsal vein. These pillars increased in length
and number, restricting the flow of blood and resulting in dramat-
ic dilation of the dorsal vein at 48 hpf (Figure 1, K and L). Bright-
field images illustrated the normal CVP development of racemic
propranolol-treated (Figure 1M) and S-(-)-propranolol-treated
(Figure 1N) ¢ccm2 CRISPR embryos at 48 hpf, whereas 30% of
R-(+)-propranolol-treated (Figure 10) and control ccm2 CRISPR
embryos (Figure 1P) showed dramatic CVP dilation. As previ-
ously reported (2), approximately 10% of ccm2 CRISPR embryos
develop the cem2-null dilated heart phenotype, and propranolol
did not affect this lethal phenotype (Figure 1, Q-T). These results,
quantified in Figure 1U, reveal that racemic propranolol prevented
the formation of multicavernous malformations in ccm2 CRISPR
embryos, whereas it had no effect on the dilated heart phenotype.
Furthermore, it was the S enantiomer, which is primarily respon-
sible for propranolol’s B adrenergic antagonism rather than the
much less potent R enantiomer, that prevented cavernoma forma-
tion in the zebrafish caudal vein (Figure 1V).

Silencing the 1 but not B2 adrenergic receptor prevents embry-
onic cavernous vascular malformations. We hypothesized that pro-
pranolol inhibition of the dilated CVP in ccm2 CRISPR embryos
is due to B1 adrenergic antagonism. To test this idea, we silenced
the B1 receptor using an adrbl morpholino, resulting in virtual-
ly complete elimination of CVP dilation (Figure 2, A-C). In sharp
contrast, silencing the 2a receptor, the predominant p receptor in
endothelium, had no such effect (Figure 2C). Furthermore, the p1-
selective antagonist metoprolol also prevented CVP dilation (Fig-
ure 2D). Thus, the ability of propranolol to inhibit multicavernous
CVP lesions is ascribable to B1 adrenergic receptor antagonism.

Propranolol decreases lesion burden in 2 chronic CCM murine
models. These studies showed that propranolol could reduce cav-
ernomas in an embryonic zebrafish model by p1 antagonism. We
then examined its effects on 2 chronic Ccm3 murine models of the
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most aggressive form of CCM in humans. We first demonstrated
that the propranolol dose used in our murine study, 50 mg/kg/day,
was sufficient to inhibit 1 receptors in Pdcd105%° mice, as shown
by areductionin mean contractility (Figure 3A) and mean heartrate
upon isoproterenol challenge (Figure 3B). With this same oral dose
of 50 mg/kg/day propranolol treatment over 5 weeks, the mean
lesion burden decreased (P < 0.0001) by 23% in the Pdcd10*k°
model and was halved (P = 0.014) in the Pdcd10"~ Trp537- model
(Figure 3C). In the Pdcd10%%° model, the majority of mice treated
with propranolol had lesion burdens less than or equal to the mean
placebo lesion burden (P = 0.005, Fisher’s exact 2-tailed test).
We note that lesions were mainly located in the hindbrain in the
Pdcd10F°© model as a result of global inactivation of Ccm3 at P6
(Figure 3D). In sharp contrast, in Pdcd10*~ Trp537- mice, lesions
were continuously being generated by random inactivation of Ccm3
due to global loss of Trp53, and the lesions were present in discrete
masses in both the forebrain and hindbrain (Figure 3D). Despite
these differences, propranolol significantly reduced lesions in both
models. The wide variability in lesion burden in both models and
its nonparametric distribution (few animals harboring a high lesion
burden) are similar to the human disease, in which few patients
manifest particularly large, aggressive lesions.

Out of 52 mice of the Pdcd10¢*® model (25 propranolol-
treated mice and 27 placebo controls, randomized for the assess-
ment of lesion burden), 3 female mice underwent attrition before
study completion (1 propranolol-treated mouse and 2 place-
bo-treated control mice were euthanized for morbidities, includ-
ing 1 mouse with a large skin abscess). Propranolol treatment did
not affect attrition compared with placebo controls in this model
(Figure 3E). Similarly, out of 45 mice of the Pdcd10*~ Trp537- mod-
el (23 propranolol-treated mice and 22 placebo-treated controls),
9 male mice underwent attrition (4 propranolol-treated mice and
5 placebo-treated controls). These included 2 placebo-treated
control mice found dead before study completion and the remain-
ing 7 mice that were euthanized for morbidities, with 1 proprano-
lol-treated mouse and 1 placebo-treated control mouse harboring
tumors. Propranolol treatment did not affect attrition compared
with placebo controls in this model (Figure 3F).

Propranolol therapy was commenced at weaning in the
Pdcd107~ Trp537- model, when lesion burden is nil, and on day
21 in the Pdcd105¢%° model, when there is a very low lesion bur-
den (18). Hence, neither experiment solely tested or established
effects on a preexisting lesion. New models are being developed
to test the effects of therapies on established lesions by creating
a solitary CCM lesion via injection of adeno-associated virus vec-
tors, encoding Cre recombinase, through a cranial window into
the brains of Krit1"# adult mice. These studies are outside the
scope of this Concise Communication.

Propranolol does not significantly affect hemorrhage in murine
CCMs. Propranolol treatment did not affect acute bleeding in the
brains of either the Pdcd105°*° mice (Supplemental Figure 2, A
and B) or the Pdcd10*~ Trp537- mice (Supplemental Figure 2, C
and D). We observed no effect of propranolol on the number of
induced homozygous chronic lesions in which inflammation (P =
0.61) or nonheme iron deposition/chronic bleeding (P = 0.31) was
detected (Fisher’s exact test), both of which were uncommon in
this model. In the Pdcd107- Trp537- model, propranolol did not
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Figure 1. Propranolol and S-(-)-propranolol, but not R-(+)-propranolol, rescues embryonic CVP dilation in ccm2 CRISPR embryos. At the 1-cell stage,
Tg(fli1:EGFP; gatal:DsRED) embryos, expressing EGFP in endothelial cells and DsRED in red blood cells, were injected with cas9 mRNA and gRNAs target-
ing ccm2. At 24 hpf, the ccm2 CRISPR embryos were treated with 100 uM propranolol, S-(-)-propranolol, or R-(+)-propranolol. The CVP was scanned at 30
hpf (A-D), 36 hpf (E-H), and 2 days post fertilization (dpf) (I-L). Whereas R-(+)-propranolol-treated (C, G, and K) and untreated CRISPR embryos (D, H,
and L) displayed abnormal intussusceptions within the dorsal vein and lack of a ventral vein, racemic propranolol-treated (A, E, and 1) and S-(-)-proprano-
lol-treated (B, F, and J) CRISPR embryos formed the primitive venous plexus by 30 hpf (A and B), a normal functional ventral vein by 36 hpf (E and F), and
a mature caudal venous plexus by 2 dpf (1 and J). Arrows indicate intussusceptions. Blue and yellow bars indicate the dorsal and ventral veins, respec-
tively. The embryos shown in A-T are in the sagittal plane. Bright-field images revealed normal CVP development of racemic propranolol-treated (M) and
S-(-)-propranolol-treated CRISPR embryos (N), whereas approximately 30% of R-(+)-propranolol-treated (0) and untreated (control) ccm2 CRISPR embry-
os (P) had dramatic CVP dilation. Approximately 10% of embryos in all 4 groups showed heart dilation (Q-T). Scale bars: 50 um (A-L), 500 um (M-P), and
200 um (Q-T). Quantitation of ccm2 CRISPR embryos with cardiovascular defects (U) revealed that, compared with the untreated controls, significantly
fewer propranolol-treated embryos harbored CVP dilation (****P < 0.0001), whereas a similar proportion exhibited heart dilation (P = 0.11). Quantitation of
ccm2 CRISPR embryos with CVP dilation (V) showed that the S-(-)-propranolol enantiomer rescued CVP dilation (*P = 0.036), whereas the R-(+)-propranlol
enantiomer failed to do so (P = 1.0) compared with untreated control embryos. A 2-tailed Fisher exact test was used for comparisons. Each replicate (col-
ored bars) is presented with the total number. Black bars indicate the mean in U.

affect chronic hemorrhage from CCM lesions as measured by iron Propranolol decreases multicavernous lesions, but not single cav-
deposition (Supplemental Figure 2E). These observations make it ern lesions, in the Pdcd10*~ Trp537~ model. The Pdcd10*~ Trp537-
unlikely that propranolol restricts the growth of CCM lesions by ~ model allows the exploration of lesion development versus mat-
preventing hemorrhage. uration (14, 16). Propranolol did not affect (P = 0.178) the burden
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Figure 2. Loss of B1 adrenergic receptor function inhibits CVP dilation in ccm2 CRISPR embryos. (A) One-cell-stage embryos were coinjected with ccm2
CRISPR and an adrb1 morpholino (MO) (A and C) to silence the B1 receptor or with a control morpholino (B and €) and imaged at 48 hpf. (A) 1 Adrenergic
receptor-silenced embryos formed a normal CVP, whereas control morpholino embryos (B) showed dramatic dilation. The blue bar indicates the lumen

of the dorsal vein, and the yellow bar indicates the ventral vein. Scale bars: 50 um. (C) Quantification of the embryos in replicate experiments showed

that CVP dilation in ccm2 CRISPR embryos was reversed by silencing of the 1 adrenergic receptor with an adrb1”/~- morpholino (****P < 0.0001), but not

by silencing of the B2a adrenergic receptor with an adrb2a- morpholino (P = 0.89). (D) Specificity of B adrenergic antagonists. The B1-specific antagonist
metoprolol (400 pM) was added 24 hpf, and embryos were imaged 48 hpf. Metoprolol reversed CVP dilation (*P = 0.018) in comparison with untreated con-
trol embryos. The fraction of defective embryos for each replicate experiment is indicated by colored bars (C and D). The mean of the values from replicate
experiments is indicated by thin black lines (C). The numbers above the colored bars indicate the sample size for each replicate experiment in each group (C

and D). A 2-tailed Fisher's exact test was used for comparisons.

of stage 1 single-cavern lesions (Supplemental Figure 3A). In con-
trast, the mean * SEM burden of stage 2 mature multicavernous
lesions was halved (P = 0.004) with propranolol treatment (Sup-
plemental Figure 3A). This effect of propranolol on lesion matura-
tion, rather than lesion genesis, contrasts sharply with the effect of
fasudil, which reduces both stage 1 and stage 2 lesions (19).

Stage 1 lesions are known to be composed entirely of Ccm3-null
endothelial cells, whereas stage 2 lesions are mosaic, containing both
wild-type and Ccm3-null cells (20, 21). We recently proposed that
blood flow might stimulate the formation of stage 2 mosaic multicav-
ernous lesions and disfavor the formation of global-knockout stage 1
vascular malformations in zebrafish (2). The present results show that
propranolol, possibly by changing blood flow, had a similar selective
effect on murine stage 2 lesions. The Pdcd10*°*° model allowed the
examination of a therapeutic effect in both sexes and demonstrated
a similar benefit in male and female mice (Supplemental Figure 3B).

Therapeutic implications. Zebrafish experiments allowed the
testing of mechanistic hypotheses in a vascular lesion with multi-
cavernous histology similar to that of human CCM, resulting from
Ccm2 gene loss and dependent on KLF2 transcription factors. We
conducted mouse experiments in more aggressive CCM3 models
and observed robust brain lesion development that allowed pre-
clinical testing of oral propranolol therapy in different models and
genotypes. The effect of propranolol in murine models was quite
modest, primarily decreasing the prevalence of mice with high
lesion burdens. The primary outcome (lesion volume/brain vol-

ume) was in a range similar to the reported effects (Supplemental
Figure 3C) of the Rock inhibitor fasudil, the HMG CoA reductase
inhibitor atorvastatin (16), or B cell depletion (17) in the same
Pdcd10*~ Trp537- model. However, fasudil, atorvastatin, and B cell
depletion all inhibited chronic hemorrhage from the CCM lesions
in the same model in the aforementioned studies, in contrast to
the failure of propranolol to reduce lesional bleeding in the pres-
ent study. Conversely, in the Pdcd10%°° model, fasudil and tempol
(18) failed to significantly reduce lesion burden, while propranolol
was effective. Both lesion growth and hemorrhage are important
clinically. Different drugs appear to have varying effects on CCM
lesion development and hemorrhage, hence, these features need
to be specifically examined in animal models and the different
endpoints carefully tracked in clinical studies.

We examined oral propranolol at a dose sufficient to inhibit
B1 receptors in Pdcd10*°° mice. Depending on the signal effects
in the ongoing pilot propranolol trial (8) and subjects’ tolerance
to side effects, we propose that propranolol dose escalation might
be considered in future human clinical trials at doses that effect
physiologic p1 receptor inhibition. p1 Adrenergic antagonists ame-
liorate some of the dose-limiting side effects of propranolol such
as bronchospasm. Thus, our finding that the beneficial effects of
propranolol may be ascribed specifically to p1 adrenergic antago-
nism suggests that the use of such agents alone, or in combination
with other drugs such as Rho kinase inhibitors (18, 22, 23), merits
investigation and may find a place in CCM therapy.
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Figure 3. Effect of propranolol in murine models of CCM disease. Pdcd105*° mice, treated with placebo (n = 5) or propranolol (n = 4), were challenged with
increasing doses of isoproterenol (50-5000 pg) to determine whether the 50 mg/kg/day propranolol dose was sufficient to antagonize p-adrenergic recep-
tors. Propranolol-treated mice showed a significant rightward shift in the dose response curve in (A) contractility (dP/dt max) and (B) heart rate (bpm) with
increasing concentrations of isoproterenol. Data are expressed as the mean + SEM. *P < 0.05 and **P < 0.01, by 2-way repeated-measures ANOVA with a
post hoc independent samples t test. (C) Effect of propranolol on lesion burden in 2 Pdcd10 models. In the Pdcd105%° model, propranolol (50 mg/kg/day) for
35 days (dose started on P21) significantly decreased lesion burden compared with placebo controls (P < 0.0001). One placebo-treated mouse was excluded
as an outlier. In the Pdcd10*/- Trp53~- model, propranolol (50 mg/kg/day) for 90 days (dose started on P21) significantly reduced lesion burden compared
with placebo controls (P = 0.014). One placebo-treated mouse and 1 propranolol-treated mouse were excluded as outliers. Since the data were not normally
distributed, the 2-sample Conover test was used. The mean (longer bars) and SEM (shorter lines above the mean bars) are indicated for each group. In both
the Pdcd10° and Pdcd10*/~ Trp53~- models, the lesion burden was greater in the placebo-treated controls than in the propranolol-treated mice. (D) Repre-
sentative micro-CT images of the brains of mice with a high lesion burden in the untreated groups and average mouse brains in the treated groups, showing
the effect of propranolol primarily on animals with a high lesion burden. Propranolol did not affect survival in either the (E) Pdcd105*° model (P = 0.59) or the
(F) Pdcd10*/- Trp53~- model (P = 0.76) compared with placebo controls. The log-rank (Mantel-Cox) test was used to determine significance.
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