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a b s t r a c t

Alternative splicing of the ryanodine receptor subtype 3 (RyR3) produces a short isoform (RyR3S) able to
negatively regulate the ryanodine receptor subtype 2 (RyR2), as shown in cultured smooth muscle cells
from mice. The RyR2 subtype has a crucial role in the control of vascular reactivity via the fine tuning of
Ca2þ signaling to regulate cerebral vascular tone. In this study, we have shown that the inhibition of
RyR3S expression by a specific antisense oligonucleotide (asRyR3S) was able to increase the Ca2þ signals
implicating RyR2 in cerebral arteries ex vivo. Moreover, we tried to inhibit the expression of RyR3S
in vivo. The asRyR3S was complexed with JetPEI and injected intravenously coupled with several
methods known to induce a blood brain barrier disruption. We tested solutions to induce osmotic choc
(mannitol), inflammation (bacteria lipopolysaccharide and pertussis toxin), vasoconstriction or dilatation
(sumatriptan, phenylephrine, histamine), CD73 activation (NECA) and lipid instability (Tween80). All
tested technics failed to target asRyR3 in the cerebral arteries wall, whereas the molecule was included
in hepatocytes or cardiomyocytes. Our results showed that the RyR3 alternative splicing could have a
function in cerebral arteries ex vivo; however, the disruption of the blood brain barrier could not induce
the internalization of antisense oligonucleotides in the cerebral arteries, in order to prove the function of
RYR3 short isoform in vivo.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The cerebrovascular network responds to the nervous system
solicitations by modification of cerebral blood flow. The goal of
this increase of functional hyperemia is to elevate the amount of
glucose and oxygen. The vascular tone is due to vascular smooth
muscle cells, and is in part encoded by Ca2þ signaling. The
ryanodine receptors could be considered as the center of this
signalisation. In fact, these Ca2þ channels, located in sarcoplasmic
reticulum, encode several types of Ca2þ signals responsible for
vasoconstriction (propagated Ca2þ waves), as well as vasodilata-
tion (localized Ca2þ signals named Ca2þ sparks; for review Morel

et al., 2007). As summarized in Fig. 1, ryanodine receptor subtypes
(RyR1-3) are activated by an increase of intracellular Ca2þ con-
centration ([Ca2þ]i). This first increase of [Ca2þ]i is due to Ca2þ

entry and/or previous Ca2þ release from intracellular Ca2þ store.
Thus, the ryanodine receptors encode the Ca2þ-induced Ca2þ

release mechanism (CICR) to amplify Ca2þ waves necessary for
vasoconstriction.

It is well established that RyR1 and RyR2 subtypes are impli-
cated in Ca2þ waves, as well as Ca2þ sparks (Coussin et al., 2000).
Various functions for RyR3 subtype were suggested. It could be
implicated in spontaneous Ca2þ signals, as shown in cerebral
arteries from RyR3 knockout mice (Löhn et al., 2001), as well as in
the regulation of sarcoplasmic reticulum Ca2þ loading, as shown
by antisense oligonucleotides strategy ex vivo (Mironneau et al.,
2001). Finally, the alternative splicing of RyR3 generates complete
long (RyR3L) and short (asRyR3S) isoforms in smooth muscle
(Jiang et al., 2003). The RyR3S isoform can inhibit the RyR2
function, which increases the ryanodine receptor-dependent
Ca2þ signaling (Jiang et al., 2003; Dabertrand et al., 2006). The
RyR3L isoform is able to encode Ca2þ signals and thus participates
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to the control of sarcoplasmic reticulum loading and modulation
of spontaneous Ca2þ signaling (Dabertrand et al., 2008). Taken
together, these data indicate that both isoforms of RyR3 are crucial
for the regulation of Ca2þ signaling.

Firstly, all data concerning RyR3 isoforms were acquired in
cultured cells (ex vivo) and their functions were never studied
in vivo. Secondly, the fine regulation of Ca2þ signaling due to the
splicing of RyR3 could participate in the regulation of functional
hyperemia for the adaptation of the cerebral blood flow to
neuronal activity.

Our goal was to study the RyR3 isoform functions in vivo by
antisense oligonucleotide strategy to selectively decrease the
expression of both isoforms in cerebral arteries in a mouse model.

Several techniques described below to address antisense oli-
gonucleotide to cells into the cerebral artery wall were tested.
Unfortunately, if the antisense oligonucleotide efficiency to inhibit
RyR3 isoform was demonstrated in cerebral arteries in culture
(ex vivo), the targeting of antisense oligonucleotide into cerebral
arteries was not yet successful in vivo.

2. Materials and methods

2.1. Animals

The project was validated by the French ministry of research in
accordance with European Community and French guiding prin-
ciples. The principal investigator is authorized by French autho-
rities to perform animal experiments (No C33-01-029). We have
used 62 male C57BL/6J mice (Charles River, L’Arbresle, France). All
animals were killed at the age of 4–6 months, by cervical disloca-
tion or lethal injection of pentobarbital.

2.2. Treatments of mice to modulate the blood brain barrier (BBB)
permeability

To induce the decrease of the expression of RyR3 splice variants
in vivo, we injected intravenously a solution containing phosphor-
othioate antisense oligonucleotide (indicated with the prefix “as”,
for example asRYR3S targeted RYR3S isoform, asSCR is the scramble
form of asRYR3 (Dabertrand et al., 2006)), coupled with JetPEI
in vivo (Polyplus, Illkirsch, France) in a glucose solution (5%)

following the recommendations of the supplier. Injections were
performed via the retro-orbital way on anesthetized mice (Keta-
mine 1%, Xylazine 0.5% cocktail, 10 mL/Kg). The antisense oligonu-
cleotide quantity was determined by the final volume unharmful
for mice (200 mL, representing near 10% of blood volume).

We have also used the 2-O-methyl phosphorothioate oligor-
ibonucleotide directed against exon 23 of the mouse dystrophin
mRNA (asDYS) to test if the molecular structure is an important
parameter.

Phosphorothioate antisense oligonucleotides were synthetized
and coupled with Cy5 indomethacin at 50 extremity (Eurogentec,
Serain, Belgium). Therefore, cells containing antisense oligonu-
cleotide were visualized by the fluorescence emitted at 680 nm.

The in vivo injection of antisense oligonucleotides was per-
formed in association with a protocol inducing the temporary BBB
disruption. The protocols were chosen and sometimes modified to
be compatible with mouse survival during 4–5 days. Protocols are
summarized in Table 1. Animals were killed by a lethal injection of
pentobarbital.

Mannitol, pertussis toxin (PTx) (Sigma-Aldrich, St. Louis, MO)
was diluted in 0.9% NaCl solution. NECA [1-(6-amino-9 H-purin-9-
yl)-1-deoxy-N-ethyl-6-D-ribofuranuronamide], Tocris Biosciences,
was dissolved in DMSO and before injection in 0.9% NaCl solution.
Final concentration of DMSO was 0.5% (v/v).

2.3. Antisense oligonucleotide ex vivo

In this part of the study 25 mice were used. Cerebral arteries
(anterior and middle cerebral artery trees) were discarded from
brain, dissected and placed in vascular smooth muscle cell Lonza
culture medium (Lonza, Levallois, France) containing antisense
oligonucleotide (2�10–9 mol/well) and kept at 37 1C, 5% CO2

during 2–4 days. Antisense oligonucleotides directed against
RYR3 splice variants and RyR2 were previously described
(Dabertrand et al., 2007; Dabertrand et al., 2008; Dabertrand
et al., 2006). Phosphorothioate antisense oligonucleotides were
synthetized and coupled with Cy3 indomethacin to visualize cells
containing antisense oligonucleotide during Ca2þ measurement
by the fluorescence at 568 nm. Animals were separated in several
groups and treated as indicated in Table 2.

Fig. 1. Calcium signaling in vascular smooth muscle cells (VSMC). The Ca2þentry (voltage-gated Ca2þ channels, ionotropic receptor as P2X, cationic channels as TRP) as well
as InsP3-induced Ca2þ release are amplified by the CICR mechanism encoded by RyRs. Two different splice variant of RyR3 are co-expressed. The long isoform (RyR3L) is able
to produce Ca2þrelease whereas the short isoform (RyR3S) inhibits RyR2-dependent Ca2þrelease. PMCA and SERCA encoded the extrusion of Ca2þ from cytoplasm to
external compartment and sarcoplasmic reticulum (SR), respectively. FKBP12/12.6, sorcin were expressed and regulate RyR functions in vascular smooth muscle cell’s Ca2þ

signaling.
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2.4. Cytosolic Ca2þ measurements

Arteries were prepared as previously described (Morel et al.,
2014) to study the efficiency of antisense oligonucleotides to
modulate Ca2þ signaling ex vivo. Briefly, arteries were placed on
glass slides coated with CellTakTM (BD-Biosciences, Le-Pont-de-
Claix, France) and loaded with 2�10�6 mol/L Fluo8-AM Ca2þ

probe (Interchim, Montluçon, France), for 20 min at 37 1C in M199
culture medium (Life Technologies, Saint-Aubin, France). Slides
were then mounted in the experimental chamber, perfused with
physiological solution (NaCl 125 mM; KCl 5.6 mM; Hepes 8 mM;
Glucose 11 mM; MgCl2 1 mM; CaCl2 2 mM; pH¼7.45 at 20 1C).
Imaging was performed with the confocal TCS SP5 system
equipped with resonant scanner (Leica Microsystems, Nanterre,
France) at 3.33 Hz in an image series mode.

To activate ryanodine receptors, applications of caffeine (Merck-
Millipore, Nottigham, UK) were performed; to activate InsP3R,
arteries were loaded with the membrane permeant derivative of
caged InsP3: D-23-O-Isopropylidene-6-O-(2nitro-4,5-demethoxy)
benzyl-myo-Inositol 1,4,5-trisphosphate-Hexakis (propionoxy-
methyl)Ester (caged-145-InsP3; 2�10–6 mol/L; SiChem, Bremen,
Germany) during 30 min before Fluo8-AM loading. Photolysis was
produced by UV flash (10�3 s) from DIPSI (Chatillon, France).

2.5. Immunohistochemistry

To evaluate the efficiency of antisense oligonucleotide after Ca2þ

measurements, the arteries were fixed by incubation in PBS solution
containing 4% paraformaldehyde (15 min). The immunostaining was
based on protocols previously described (Dabertrand et al., 2006).
After fixation, vessels were washed 4 times and permeabilized in PBS
containing 2% bovine serum albumin and 1mg/ml saponin during
20 min and incubated overnight at 4 1C with the primary antibodies
against RyR3 (anti-RyR3 Ab, AB9082, 1:100; Millipore, Billerica, MA) or

against RyR2 (anti-RyR2 Ab, AB9080, 1:100; Millipore). The day after,
cells were washed 4 times and incubated with the secondary
Fluoprobe-488 antibody (Fluoprobes-Interchim Montluçon, France,
1:250) during 60 min at room temperature. After 3 washes in PBS,
slides were mounted in Fluoromounted (Cliniscience, Nanterre,
France). All parameters of SP5 confocal microscope were adjusted on
non-specific labeled samples (arteries only incubated with secondary
antibody) to maximally reduce the non-specific fluorescence. All
parameters of SP5 confocal microscope were kept constant for all
acquisitions to be compared. Means of pixel fluorescence were
determined with each antisense oligonucleotide treatment and com-
pared statistically to evaluate the decrease of protein expression.

2.6. RT-PCR

The protocol and primers were previously described (Dabertrand
et al., 2006). The RNA was extracted with Masterpure RNA extraction
kit (Epicenter); the reverse transcription reaction was performed on
50 ng RNA using the Sensiscript-RT kit (Qiagen) and PCRs were
performed with hotstart Taq-polymerase (Qiagen) in a thermal cycler
(Eppendorf). The annealing temperature was 60 1C. Relative amounts
of amplicons were determined and normalized to the Glyceraldehyde-
3-phosphate deshydrogenase (GAPDH).

2.7. Statistical analysis

Statistical analysis was performed with Prism software (Graph-
pad software Inc, La Jolla, CA). Data are expressed as means7S.E.
M.; n represents the number of tested cells or arteries. Signifi-
cances between conditions were tested by one way ANOVA
completed with a Tukey post-hoc test. p Valueso0.05 were
considered as significant and indicated by★in figures.

3. Results

3.1. Efficiency of antisense oligonucleotide to inhibit RyR3 splice
variants ex vivo

The expression of RyR3 splice variants and the efficiency of
ASON were determined by RT-PCR (Fig. 2A). The quantification of

Table 1
Treatments applied to increase the permeability of the BBB.

Pharmacological agent Dose Effects n (mice) Reference

JetPEI efficiency 5 PolyPlus Protocol
Mannitol 2.6 g/kg Osmotic choc 9 Rapoport (2000)

2 min before
ASON i.v.

Lipopolysaccharide (LPS) 3 mg/kg Inflammation 4 Xaio et al. (2001)
5 min before
ASON i.v.

Pertussis toxin (PTx) 3.10�3 μg/μl Inflammation 4 Clifford et al. (2007)
3 days before
ASON i.v.

Sumatriptan 1 mg/kg Vasoconstriction Blood pressure 4 Shepheard et al. (1995)
2 min before
ASON i.v.

Phenylephrine 10 mg/kg Vasoconstriction Blood pressure 6 Mueller and Heistad (1980), Mayhan (1996)
2 min before
ASON i.v.

Histamine 30 mg/kg 4
2 min before
ASON i.v.

NECA 0.08 mg/kg via CD73 activation 4 Carman et al. (2011), Mills et al. (2008)
2 min before
ASON i.v.

Tween80 Lipid instability 4

Table 2
Repartition of arteries and mice in all groups for ex vivo experiments.

Groups Control asSCR asRyR3L asRyR3S asRyR3 asRyR2

Arteries (mice) 6 (4) 6 (5) 6 (4) 9 (5) 3 (3) 4 (4)
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RT-PCR via the calculation of the fluorescence ratios RyR3L/GAPDH
and RyR3S/GAPDH indicated the efficiency of antisense oligonu-
cleotides (Fig. 2B). To quantify the level of expression of RyR3
isoforms in vascular smooth muscle cells from whole cerebral
arteries maintained in culture (ex vivo), the immunohistochemical
labeling was performed with a specific anti-RyR3 antibody. As
illustrated in Fig. 2C, the antisense oligonucleotide coupled to Cy5
was revealed not in all vascular smooth muscle cells. Only the level
of fluorescence of cells containing ASON was measured 3 days
after incubation in a culture medium containing antisense oligo-
nucleotides. The asSCR as well as asRyR2 were not able to modify
the expression of RyR3, whereas asRyR3 inhibited 50–60% of total
immunostaining (Fig. 2D). Finally, the asRyR3L and asRYR3S
significantly inhibited 25–30% of the fluorescence emitted by
RyR3 immunolabelling (Fig. 2D). These results indicate that the
expression of RyR3L and RyR3S could be reduced by the specific
antisense oligonucleotide applied in ex vivo cultured arteries.

3.2. Inhibition of induced Ca2þ signals by antisense oligonucleotide
ex vivo

The application of 10 mM caffeine induced the release of Ca2þ

stored in sarcoplasmic reticulum by activation of ryanodine
receptor in vascular smooth muscle cells incubated with all
antisense oligonucleotide (Fig. 3A). As expected, the amplitudes
of caffeine-induced Ca2þ signals were decreased in arteries
incubated with asRyR2 and increased with asRyR3S (Fig. 3A–B).
The ryanodine receptor was implicated in CICR to amplify Ca2þ

entries and/or Ca2þ releases from Ca2þ stores (Fig. 1). To verify the
potential physiological effects of antisense oligonucleotide, the
Ca2þ signals evoked by depolarization and InsP3 were measured.
The application of external solution containing 140 mM KCl
depolarized the vascular smooth muscle cells and induced Ca2þ

entry. The KCl-induced Ca2þ responses were increased in presence

of asRyR3S and decreased in presence of RyR2 (Fig. 3C). After
30 min incubation with 10 mM ryanodine to block ryanodine
receptor functions, the KCl-induced Ca2þ responses were similar
in all conditions, indicating that antisense oligonucleotide treat-
ment did not alter the Ca2þ entry. Interestingly, the Ca2þ

responses induced by the photolysis of caged-InsP3 were similar
in asSCR- and asRYR3S-treated cells, whereas in asRyR3L-treated
cells the amplitude of InsP3-induced Ca2þ responses were sig-
nificantly inhibited (Fig. 3D). These results indicate that RYR3S was
not implicated in the amplification of Insp3-induced Ca2þ

responses, whereas RyR3L could amplify this response.
Taken together, these results indicate that (1) the antisense

oligonucleotides were able to be integrated within the vascular
smooth muscle cells fromcerebral arteries in culture; (2) the
antisense oligonucleotides were efficient ex vivo to modify the
Ca2þ signaling; (3) RyR2 was responsible for the CICR and the
RyR3S inhibited this mechanism; and (4) the RyR3L was probably
implicated in the amplification of InsP3-induced Ca2þ responses.

3.3. Vascular smooth muscle cell integration of antisense
oligonucleotide in vivo

To understand the physiological role of the alternative splicing
of RyR3 in cerebral arteries, the antisense oligonucleotides direc-
ted against different RyR3 isoforms should be addressed in vivo
specifically in vascular smooth muscle cells.

The carrier JetPEI was previously demonstrated to increase
significantly the in vivo integration of antisense oligonucleotide via
intraperitoneal (Dabertrand et al., 2012a) and intravenous path-
ways. When the asRyR3S associated with JetPEI was injected via
intravenous pathway, various cell types were able to integrate the
asRyR3, as for example hepatocytes (Fig. 4A). To be sure that JetPEI
could also be efficient in the brain, the asRyR3S associated with
JetPEI was injected directly into the cortex. All cells around the

Fig. 2. Efficiency of ASON on expression of RyR3 splice variants. (A) Typical result of RT-PCR of RyR3 splice variants in arteries treated with antisense oligonucleotides.
Fragments were stained with ethidium bromide and separated by electrophoresis in 2% agarose gel. (B) Means of relative expression of RyR3 splice variants in arteries
treated with antisenses oligonucleotides (C) Typical immunostaining of RyR3 in CTL and asRyR3 treated arteries. Scale bar: 5 mm. (D) Intensity of immunostaining obtained
with anti-RyR3 Ab (1/100) revealed with secondary anti-Rb-IgG coupled with FP488 (1/100). Data are expressed as means7S.E.M.; (n) cells tested in 3–5 different
experiments; ★po0.05.

R. Boursereau et al. / European Journal of Pharmacology 747 (2015) 141–149144



application site in brain parenchyma were potentially able to
integrate antisense oligonucleotide (Fig. 4B–C). This result indi-
cated that the intrathecal injection pathway to deliver antisense
oligonucleotide was not specific. Thus, the intravenous pathway
was tested to address antisense oligonucleotide only in vascular
smooth muscle cells.

The intravenous injection of asRYR3S coupled to JetPEI alone
was not able to target the wall of cerebral arteries (not shown);
thus, the complex was injected in association with molecules able
to induce a temporary disruption of BBB. Because our topic is to
follow a potential effect of the modification of RyR3 isoform balance
in cerebral arteries, we have used methods not deleterious for
animal survival and cognitive functions. These methods are based
on osmotic choc, neuroinflammation, drastic change in hemody-
namics and membrane perturbations (Table 1). As illustrated in
Fig. 5, all of these methods were not able to induce the integration
of asRyR3S in wall cells of cerebral and intraparenchymal arteries.
However, they were able to deliver the ASON in other cell types as
hepatocytes. We found similar results with asSCR, asRyR3S, asRyR2
and asRyR3L, suggesting that the sequence of antisense oligonu-
cleotides was not crucial for their integration into the vascular
smooth muscle cells.

To verify that the antisense oligonucleotide coupled to JetPEI
was able to pass through the vascular wall, we checked the
crossing of molecules as dextran 150,000 coupled to FITC. Thirty
minutes after the intravenous injection of dextran-FITC concomi-
tantly with NECA, the presence of the dextran was revealed by
confocal microscopy, as illustrated on the left of Fig. 6. The dextran
was present at the periphery of the cerebral vessels, in the heart
and also in the liver. We have obtained similar results with

tween80 and phenylephrine (not shown). It is noticeable that
the dextran labeling was much diffused and not present every-
where in the periphery of vessels. If some molecules passed
through the wall vessels, the nature of the molecule could be
important. That is why we compared the diffusion of asRyR3S and
asDYS that we had previously used in vivo to target smooth muscle
cells of portal vein and duodenum (Dabertrand et al., 2010; Morel
et al., 2009). As illustrated in the center and the right of Fig. 6, the
presence of asDYS was more important than the presence of
asRyR3 in liver and heart, but in brain both asDYS and asRyR3S
were not enough detected. Even after the BBB temporary disrup-
tion, the integration of asRyR3S was not possible via intravenous
pathway.

4. Discussion

4.1. Function of RyR3 splice variants in cerebral arteries.

This study confirms that the alternative splicing of RyR3 is
essential to the fine control of the Ca2þ signaling in smooth
muscle cells. Indeed, the deletion of the RyR3S isoform increased
the amplitude of Ca2þ signals in cerebral arteries as in duodenal
and myometrium smooth muscle cells (Dabertrand et al., 2006,
2008). In cerebral arteries, RyR2 is central in the control of
vascular tone via its ability to encode Ca2þ sparks (Dabertrand
et al., 2012a; Jaggar et al., 1998; Sonkusare et al., 2012), but also
Ca2þ waves responsible for vasoconstriction (Coussin et al., 2000;
Morel et al., 1996). We confirmed in this model that Ca2þ waves

Fig. 3. Ex vivo efficiency of antisense oligonucleotides on caffeine and depolarization-induced calcium signals. (A) Typical calcium signal induced by caffeine application.
(B) Mean of amplitude of calcium responses evoked by 10 mM caffeine. (C) Mean of amplitude of calcium responses evoked by 140 mM KCl. (D) Mean of amplitude of
calcium responses evoked by photolysis (200 V) of caged-InsP3. Data are expressed as means7S.E.M.; (n) cells tested in 3–5 different experiments; ★po0.05.
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evoked by depolarization were modulated by RyR3S but not by
RyR3L (Dabertrand et al., 2008, 2006).

Surprisingly, our results showed that RyR3L, but not RyR3S,
could also participate to the Ca2þ signaling via the amplification of
InsP3-dependent Ca2þ release. This last result could be due to the
spatial repartition of ryanodine receptor and InsP3, as the spatial
distribution of sarcoplasmic channels was determinant for Ca2þ

signaling in smooth muscle (Gilbert et al., 2014). In cerebral
arteries as in other vascular smooth muscle cells, the functional
control of RyR3S on RYR2 could participate to the control of
reactivity of cerebral arteries and that is why we tried to inhibit
RyR3S expression in cerebral arteries in vivo.

4.2. Cellular intake antisense oligonucleotide

The inhibition of protein expression could be performed by
several strategies using DNA or RNA molecules interacting with
gene expressions. We have tested several strategies but only

phosphorothioate antisense oligonucleotides selectively inhibited
short or long splice variants of RyR3 (Dabertrand et al., 2006). The
presence of antisense oligonucleotides in hepatocytes but not in
the brain vessels indicated that it is possible to use them in vivo;
however, the targeting in cerebral artery could be complicated.
There are several explanations for these results including the
delivery pathway, the nature of antisense oligonucleotide, and
the targeted tissue.

The antisense oligonucleotides could be delivered either
encoded in viral particles (Yasui et al., 2006) or coupled with
molecules to encapsulate the DNA and then delivered by injections
in blood stream (i.v.), in cavities, (i.p., i.c., …) or in tissues; alone
and in association with technics to increase the accessibility to the
targeted tissue (electroporation, sonication, …). The antisense
oligonucleotide coupled with in vivo JetPEI could be addressed to
several tissues as easily as demonstrated by the supplier and in
this study in hepatocytes. We chose to inject it by i.v. because it
was easier to use in classical animal facilities and could be used

Fig. 4. Delivery of antisense oligonucleotides. (A) The association JetPEI increased the delivery of antisense oligonucleotides in liver cells. (B) Typical image after intra-cortical
injection of antisense oligonucleotides-Cy5 in mouse brain. (C) Typical image of fluorescence of Dextran-FITC in brain parenchyma. Dextran appears in the proximity of
intraparenchimal artery. Nucleuses are labeled with DAPI (blue) and antisense oligonucleotides-Cy5 is in red.

Fig. 5. Delivery of antisense oligonucleotides in brain (upper panel) and in liver (bottom panel). In brain slices, the astrocytes were labeled with GFAP antibody revealed by a
secondary antibody coupled with fluoroprobe-488 and visualized in green. In both brain and liver the Cy5-asRyR3S was visualized in red and nucleuses of cells were stained
with DAPI, in blue. The “A” indicates the lumen of cerebral arteries.
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ex vivo as well as in vivo to target smooth muscle cells or vessels
(Dabertrand et al., 2010, 2012c; Park et al., 2012). We have
excluded the intra-cerebroventricular pathway and brain electro-
poration (personnal data) because antisense oligonucleotides were
detected in all cell types near the injection point and the
distribution was restricted to a small area.

One hypothesis to explain the negative results to target, in vivo,
cerebral arteries could be the decrease in the concentration of
circulating antisense oligonucleotide via its elimination after
binding to serum proteins and its limited absorption by vascular
smooth muscle cells. If the monitoring of antisense oligonucleo-
tides in blood extract could be verified, its presence in hepatocytes
and in heart suggested that its bioavailability was not suppressed.

To increase the distribution of antisense oligonucleotide in the
vessel wall, the blood brain barrier could be temporary disrupted by
validated techniques (Table 1). The osmotic choc induced by
mannitol was efficient to disrupt the BBB via intracarotid delivery
(Liu et al., 2005; Rapoport, 2000; Rapoport et al., 1971). However,
mainly the experiments previously reporting this technique indi-
cated either that the mice were killed a few minutes or hours after
surgery, or that it was used on bigger animals than mice. Finally, this
method increases the risk of epileptic seizure (Marchi et al., 2007;
Neuwelt et al., 2008). The injection pathway of mannitol is also
determinant; in fact, similar doses of manitol injected in carotid and
in venous pathways do not have similar effects on the BBB perme-
ability (Chen et al., 2013). Our results showed that the increase of
mannitol concentration did not modify the BBB permeability.

Moreover, the BBB disruption by inflammation processes
should be controlled and induced with less deleterious agents
than LPS and PTX or direct injection of histamine. Massive
disruption of BBB produced by pathogenic agents induced the
presence of the pathogen during days (Beghdadi et al., 2008).

NECA activating adenosine pathway (Carman et al., 2011) and
phenylephrine could increase the passage of high weight mole-
cules through the BBB [Légeron and Morel, ICCU2013: The CellVi-
Zio imaging system revealed the time course of BBB breakdown
during phenylephrine-induced hypertension in the hippocampus
of senescence accelerated mice (SAMP8)]. Our results suggested
that: (1) the BBB disruption was not sufficient to induce the
antisense oligonucleotide delivery in the cerebroarterial wall;
and (2) the vascular cells were not able to integrate the antisense
oligonucleotide coupled with JetPEI in vivo.

There is some evidence indicating that vascular smooth muscle
cells can poorly integrate antisense oligonucleotide in vivo. Pre-
viously, we succeeded in delivering antisense oligonucleotide in
hepatic portal vein, but the decrease in expression of the targeted
protein was less than 30% (Dabertrand et al., 2012b; Morel et al.,
2009). Nevertheless, antisense oligonucleotides were classically
used in vivo (1) to modify the angiogenesis during neovasculariza-
tion (Delvaeye et al., 2009; Hagigit et al., 2012; Park et al., 2012);
(2) in order to limit pathological effects in vessels structurally
modified, like after balloon injury (Hayashi et al., 2005) or vessel
graft (Mann et al., 1995; Suzuki et al., 1997). Altogether, these
studies indicated that in control conditions vascular smooth

Fig. 6. Delivery of dextran-FITC, asDYS and asRyR3S in brain liver and heart. Dextran-FITC was in green; in both brain and liver the Cy5-asDYS and Cy5-asRyR3S were
visualized in red and nucleus of cells were stained with DAPI, in blue.
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muscle cells, especially in cerebral arteries, are not able to
integrate antisense oligonucleotide with high efficiency.

The molecular nature of antisense oligonucleotide could also be
implicated in bioavailability and cellular absorption. In fact, length,
nucleotides' sequence and isoelectric point could be determinant
for the in vivo efficiency of antisense oligonucleotide absorption
(Prakash et al., 2001). For these reasons, we have tested the 2-O-
methyl antisense ribonucleotide asDYS used in muscle, heart and
smooth muscle cells to induce exon skipping in mdx mice
(Partridge, 2010; Tanganyika-de Winter et al., 2012). The absorp-
tion by cardiomyocytes was better for asDYS than asRyR3S or
RYR3L, but the cerebral arteries did not include asDYS. This
suggested that cerebral arteries in vivo and in physiological
conditions were not able to absorb antisense oligonucleotides
with great efficiency.

5. Conclusions

These results are encouraging because they showed again that
splicing variants could have a potential physiological role in ex vivo
experiments; however, it remains to demonstrate in vivo func-
tional reality. Our results showed that antisense oligonucleotide,
coupled to a carrier, could not cross the BBB even if it could be
maintained temporarily open. The major inconvenience of this
situation is the difficulty to specifically address antisense oligonu-
cleotide to cerebrovascular bed. In order to understand how Ca2þ

signaling is involved in the regulation of functional hyperemia, it is
thus very important to test other methods allowing the passage of
antisense oligonucleotides in the vascular wall. These methods
include coupling antisense oligonucleotides with peptides, graft-
ing on nanoparticles or encapsulating. We must also find a way to
increase the BBB permeability over a longer period by using
physical methods such as the application of microwave fields.

Based on our results, it appears that it could be difficult to
target vascular pathologies, after stroke for example, by antisense
strategies. On the contrary, because the vessels irrigating the
cerebral tumors are not similar to those of the BBB, antisense
oligonucleotide could be used specifically as therapeutic drugs
against tumor vessels, which are only constituted of endothelial
cells, without tight junctions.

Finally, another advantage could be the use of antisense oligo-
nucleotide vectorization techniques to target peripheral vascular
pathologies without any effect on the central nervous system.
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