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Abstract
Cerebellar Purkinje cells (PCs) show conspicuous damages in many ataxic disorders. Targeted delivery of short nucleic acids,
such as antisense oligonucleotides, to PCs may be a potential treatment for ataxic disorders, especially spinocerebellar ataxias
(SCAs), which are mostly caused by a gain of toxic function of the mutant RNA or protein. However, oligonucleotides do not
cross the blood-brain barrier (BBB), necessitating direct delivery into the central nervous system (CNS) through intra-thecal,
intra-cisternal, intra-cerebral ventricular, or stereotactic parenchymal administration. We have developed a novel liposome (100
to 200 nm in diameter) formulation, DCL64, composed of dipalmitoyl-phosphatidylcholine, cholesterol, and poloxamer L64,
which incorporates oligonucleotides efficiently (≥ 70%). Confocal microscopy showed that DCL64 was selectively taken up by
brain microvascular endothelial cells by interacting with low-density lipoprotein receptor (LDLr) familymembers on cell surface,
but not with other types of lipid receptors such as caveolin or scavenger receptor class B type 1. LDLr family members are
implicated in brain microvascular endothelial cell endocytosis/transcytosis, and are abundantly localized on cerebellar PCs.
Intravenous administration of DCL64 in normal mice showed distribution of oligonucleotides to the brain, preferentially in
PCs. Mice that received DCL64 showed no adverse effect on hematological, hepatic, and renal functions in blood tests, and no
histopathological abnormalities in major organs. These studies suggest that DCL64 delivers oligonucleotides to PCs across the
BBB via intravenous injection with no detectable adverse effects. This property potentially makes DCL64 particularly attractive
as a delivery vehicle in treatments of SCAs.
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Introduction

Spinocerebellar ataxias (SCAs) are a group of autosomal dom-
inant disorders manifested with ataxia. Most SCAs show neu-
rodegeneration primarily involving cerebellar Purkinje cells
(PCs) [1–3]. Patients with SCAs typically have onset of ataxia
in their adulthood followed by a relentless progression of the
disease, often leading to devastating disability and death [4]. To
date neither the U.S. Food and Drug Administration (FDA) nor
the EuropeanMedicines Agency (EMA) has approved drugs to
treat ataxia although clinical trials of a handful of drugs have
shown symptomatic improvements. Disease-modifying drugs
are being developed based on an increasing understanding of
the pathogenic mechanisms. SCAs are typically caused by a
gain of toxic function by mutant protein or RNA [3]. RNA
interference (RNAi) is a particularly promising therapeutic
strategy in SCAs because it intervenes in the pathway
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upstream of complex pathogenic cascades of the protein inter-
actome [5]. There have been ongoing preclinical studies in
SCA1, SCA2, SCA3, SCA6, and SCA7 showing encouraging
results [6–12]. Therapeutic strategies using RNAi may also be
applicable to non-polyQ SCAs caused by untranslated toxic
RNA transcripts, such as SCAs 8, 10, 31, 36 and 37 [13, 14],
and those caused by point mutations that lead to gain-of-
function or dominant-negative effects of the mutant protein or
even loss of function of the mutant protein [15].

Antisense oligonucleotides (ASOs), micro RNA (miRNA),
and small interfering RNA (siRNA) are short nucleic acids
which can be utilized to target specific mRNA with comple-
mentary nucleotide sequence. Depending on the design and
the target, post-transcriptionally silencing the gene expression,
modifying RNA splicing, or even upregulating gene expres-
sion can be achieved by degrading the target RNA, blocking
RNA-protein interactions, or hindering translation [15–17].
Thus, ASOs, miRNA, and siRNA are potential therapeutic
agents for a wide variety of disorders. However, since
ASOs, miRNA, and siRNA are large (6–12 kDa) negatively
charged molecules, they cannot cross the blood-brain barrier
(BBB). The BBB is comprised of non-fenestrated brain cap-
illaries which are formed by endothelial cells connected by
tight junctions that effectively restrict transport of molecules
from blood to brain [18]. Currently short nucleic acids are
delivered into the central nervous system (CNS) through
intra-thecal, intra-cisternal, intra-cerebral ventricular, or ste-
reotactic intra-tissue administration. Intravenous (iv) adminis-
tration of short nucleic acids requires transporters or drug car-
riers that allow the nucleic acids to be delivered across the
BBB. Conjugation of oligonucleotides to antibodies or pep-
tides that bind to proteins expressed on brain microvascular
endothelial cells (BMECs), such as transferrin receptors and
insulin receptors [18–21] and coating of nanoparticles with
polysorbate 80 [22–24], have shown their potential to carry
oligonucleotides to the brain across the BBB by peripheral
administration. However, potential toxicity, immunogenicity,
alterations of specificity and functions of the oligonucleotide,
manufacturing scalability, and costs of oligonucleotides con-
jugation to peptides and antibodies remain concerns in clinical
applications. While polysorbate 80 has been extensively used
as safe food additives, no data is available for delivery of
oligonucleotides [25].

BMECs express high levels of lipoprotein receptors
[26–28]. The low-density lipoprotein receptor (LDLr) fam-
ily, which includes the prototype family members, LDLr
and LDLr-related protein 1 (LRP-1), has been used as brain
delivery targets [29–32]. The angiopep-2 peptide, derived
from a family of Kunitz domain-derived peptides, was
found to enhance transcytosis and brain parenchyma accu-
mulation [33], and nanoparticles or polymers conjugated
with the angiopep-2 peptide were able to deliver siRNA to
U87 orthotopic gliomas [31, 32]. The angiopep-2-based

delivery is mediated by LRP-1 and, possibly, scavenger
receptor class B type 1 (SR-B1) [31, 33, 34]. High expres-
sion of LDLr, LRP-1, and SR-B1 is found not only in
BMECs but also in the cerebellum [35, 36], and cerebellar
PCs express high levels of LDLr and LRP-1 [35].

We developed a novel liposome formulation, DCL64, com-
posed of dipalmitoyl-phosphatidylcholine (DPPC), cholester-
ol, and poloxamer L64. DPPC was used to construct the lipo-
somes because it is biocompatible and easy to manipulate.
Cholesterol was added to increase the DPPC liposome affinity
to lipoprotein receptors. L64 is a triblock polymer composed
of polyethylene oxide-propylene oxide-polyethylene oxide.
Göppert and Müller [37] demonstrated that apolipoproteins
E, A-I, and A-IV were adsorbed to poloxamer L64-
containing nanoparticles upon plasma incubation. We hypoth-
esize that liposomes, being lipid particles, will target lipopro-
tein receptors efficiently, and by binding to LDLr, LRP-1, and
SR-B1, DCL64 will efficiently deliver nucleic acids to the
cerebellum.

Here, we show that iv administration of DCL64 leads to
oligonucleotide accumulation in cerebellar PCs. This study
presents an important potential of DCL64 for clinical applica-
tions, especially in treatment of patients with SCAs by RNAi.

Materials and Methods

Animals

Two- to 3-month-old normal ICR mice (Envigo, Indianapolis,
IN) were housed under specific pathogen free (SPF) condi-
tions at the University of Florida McKnight Brain Institute
animal facility. All animals were euthanized by CO2 asphyx-
iation prior to tissue collection.

Cell Culture

Human BMECs were obtained from Dr. Kwang Sik Kim
(Johns Hopkins University) and cultured in Medium-199
(Lonza, Walkersville, MD) supplemented with 5% fetal bo-
vine serum (FBS; Gibco, Waltham, MA), 5% NuSerum
(Corning Life Sciences, Durham, NC), and 1% penicillin/
streptomycin as described [38]. Murine embryonic NIH-3T3
fibroblasts (American Type Culture Collection, Manassas,
VA) were grown in Dulbecco’s modified Eagles medium
(Gibco) supplemented with 10% FBS and 1% penicillin/
streptomycin.

Liposome Preparation

DPPC and cholesterol were purchased from Avanti Polar
Lipids (Alabaster, AL) while poloxamer L64 was purchased
from Sigma-Aldrich Chemicals (St. Louis, MO). DPPC,
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cholesterol, and L64 were mixed at 5:3:7 weight ratios in the
presence of excess tertiary butanol (Thermo Fisher Scientific,
Waltham, MA), frozen at − 80 °C overnight and lyophilized
with a FreeZone 2.5 lyophilizer (Labconco, Kansas City,
MO), and stored for up to 3 months at − 20 °C. Fluorescent
DPPC or DCL64 liposomes were prepared by adding
lissamine rhodamine B-labeled DPPC (Avanti Polar Lipids)
to the lipid mixture at 5% weight ratio, frozen, and
lyophilized.

An 18-base non-toxic oligonucleotide, 5′-AGAT
GAACTTCAGGGTCA-3′, conjugated with Cyanine3 (Cy3)
at the 5′ end was purchased from Trilink Biotechnologies (San
Diego, CA). Bases 1, 2, 17, and 18were made of 2′-O-methyl-
modified phosphodiesters to enhance oligonucleotide stability
while bases 3 to 16 were made of normal phosphodiesters.
Oligonucleotides were mixed with DCL64 at a 1:10 weight
ratio at room temperature. L64 and oligonucleotides were in-
cubated for 30 min, followed by incubation with DPPC for
10 min, then with cholesterol for 10 min. The lipid oligonu-
cleotide mixture was frozen overnight at − 80 °C and
lyophilized.

Flow Cytometric Analysis

Fluorescent lipids were reconstituted with phosphate buffered
saline (PBS) and incubated with BMECs at 200 μM for 24 h
[38]. Cells were trypsinized and suspended in PBS containing
2% FBS. Cell suspensions were analyzed on an Accuri C6
flow cytometer (BD Biosciences, San Jose, CA) with a min-
imum cell count of 10,000 cells per sample. Experiments were
repeated at least three independent times using triplicate
samples.

Cryo-electron Microscopy

Liposomes incorporated with oligonucleotides were
reconstituted with PBS at 1 mg/mL. Three-microliter aliquots
were applied to C-flat holey carbon grids (Protochips, Inc.
Morrisville, NC) and vitrified using a VitrobotTM Mark IV
(FEI Co., Hillsboro, OR). The sample was examined using a
16-megapixel CCD camera (Gatan Inc., Pleasanton, CA) in a
Tecnai (FEI Co.) G2F20-TWIN Transmission Electron
Microscope operated at a voltage of 200 kV using low dose
conditions (~20 e/Å2). Images were recorded with a defocus
of approximately 3 μm to improve contrast.

Co-localization of Liposomes with Lipid Receptors

BMECs were plated in ibidi chambers (Martinsried,
Germany). Two days later, BMECs were incubated with lipo-
somal oligonucleotides (0.5 μg) at 37 °C for 1 h. Cells were
rinsed twice with PBS containing 2% bovine serum albumin
and fixed with 4% paraformaldehyde for 10 min at room

temperature. Slides were air dried and incubated at room tem-
perature for 1 h with primary antibodies specific for LDLr,
LRP-1, caveolin, or SR-B1 (Abcam, Cambridge, MA).
Antibodies concentrations used for LDLr, LRP-1, caveolin,
and SR-B1 were 24, 21, 40, and 28 μg/mL, respectively.
Slides were then rinsed and incubated with Alexa 488-
labeled secondary antibodies (Invitrogen, Carlsbad, CA) at
room temperature for an additional hour before being coun-
terstained with DAPI Fluoromount-G (Southern BioTech,
Birmingham, AL). All co-localization experiments were re-
peated at least three independent times using duplicate
samples.

To reduce the binding of liposomes to LDLr and LRP-1,
BMECs were pre-incubated with peptides specific for LDLr
(R&D Technologies, Minneapolis, MN) or LRP-1 (Abcam) at
37 °C for 1 h before incubated with liposomal oligonucleo-
tides for an additional hour. Cells were fixed and counter-
stained with DAPI. Quantification of red fluorescent oligonu-
cleotide signals was done with Fiji ImageJ. Each image was
processed using the Bsplit channels^ function, and the number
of Cy3 signals in the red channel was then quantified using the
Bfind maxima^ function, set at a noise threshold of 80.
Number of red fluorescent signals were normalized to cell
number, and plotted. Two-tailed t test showed that fluorescent
signals were higher in the absence than in the presence of
blocking peptides (p < 0.005).

Intravenous Administration of Liposomes and Tissue
Processing

Normal ICR mice were injected with 5 mg of DCL64 incor-
porated with 0.5 mg of Cy3-labeled oligonucleotides in

Fig. 1 Selective DCL64 liposomes uptake by brain microvascular
endothelial cells (BMECs). BMECs and fibroblasts were incubated with
fluorescent DPPC liposomes (clear bars) or DCL64 liposomes (red bars).
Flow cytometric analysis indicated that incorporating cholesterol
and poloxamer L64 into DPPC liposomes increased DCL64 uptake by
BMECs but not by fibroblasts
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100 μL PBS (n = 4). After 24 h, mice were euthanized by CO2

asphyxiation. Before their last breaths, mice were perfused
with 4% paraformaldehyde in 10 mL PBS, followed with
10 mL PBS twice by intra-aortic injections. Brains were dis-
sected and fixed with 4% paraformaldehyde in PBS for 3–4 h
at room temperature. They were then cryoprotected in 30%
sucrose in PBS for 36–48 h at 4 °C, embedded in optimal
cutting temperature (OCT; Tissue-Tek, Sakura Finetek), and

frozen in dry ice/isopentane mixture. Cryosections (20 μm;
Leica Biosystems, Buffalo Grove, IL) were prepared and
stored at 4 °C.

Calbindin Staining

Mouse brain tissue slides were hydrated with PBS for 10 min,
heated at 95 °C in sodium citrate buffer for 30min, and cooled

Fig. 2 Cryo-electron
micrographs of DCL64
liposomes. DCL64 liposomes
incorporated with
oligonucleotides were prepared
and cryo-electron micrographs
were taken. Scale bar (a) =
10 μm; (b) = 20 μm

Fig. 3 Co-localization of DCL64 liposomes with LDLr family. aDCL64
liposomes incorporated with oligonucleotides (Cy3) co-localized with
LDLr and LRP-1 (Alexa 488 green), but not with caveolin or SR-B1
(Alexa 488 green). (Top left) BMECs only; (top right) BMECs
incubated with DCL64; (middle) BMECs incubated with DCL64
followed by antibodies specific for LDLr (left) or LRP-1 (right);
(bottom) BMECs incubated with DCL64 followed by antibodies

specific for caveolin (left) or SR-B1 (right). b LDLr and LRP-1
blocking peptides decreased the binding of fluorescent DCL64
liposomes to BMECs. BMECs were pre-incubated with LDLr or LRP-1
blocking peptides before incubated with DCL64; (left) 0 μg blocking
peptides; (center) 0.1 μg blocking peptides; (right) 1.0 μg blocking
peptides. Scale bars (a) = 10 μm; (b) = 20 μm
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at room temperature for 20min. Then slides were washedwith
PBS three times, 10 min each, and blocked with normal goat
serum at room temperature for 2 h. After removal of blocking
buffer, slides were incubated with anti-calbindin antibody
(Sigma-Aldrich) at 4 °C overnight and washed with PBS three
times before incubated with Alexa 594-labeled secondary an-
tibodies (Invitrogen) at room temperature for 2 h. After wash-
ing with PBS, slides were air dried overnight before counter-
stained with DAPI Fluoromount-G (Southern BioTech).

Optical Imaging

Confocal images were acquired using an Olympus IX2-DSU
spinning disk confocal microscope (Tokyo, Japan) equipped

with a Hamamatsu ORCA-AG camera (Hamamatsu City,
Japan), or a Leica SP5 confocal microscope (Heidelberg,
Germany). Fluorescent or H&E images were acquired using
an Zeiss Axioplan 2 Upright Widefield Fluorescent
Microscope (Carl Zeiss Jena GmbH, Germany) equipped with
a QImaging Retiga 4000RMonochrome Camera (Surrey, BC,
Canada). Images were resized for figures using Adobe
Photoshop CS6.

The quantification of Cy3 fluorescent signals in cerebel-
lum, forebrain, and midbrain was done with Fiji ImageJ.
Eight images each of cerebellum, forebrain, and midbrain
were quantified. Each image was first processed using the
Bsplit channels^ function, and the number of Cy3 signals in
the red channel was then quantified using the Bfind maxima^
function, set at a noise threshold of 80.

Safety Studies

In one safety experiment, two groups of 5 ICR mice were
used. One group received DPPC liposomes while the other
group received DCL64. Liposome doses were given at 5 mg
lipids/mouse, which was approximately160 mg lipids/kg of
mouse body weight. Blood samples, by performing facial vein
bleeds 2 and 6 weeks post-injection, were analyzed for hema-
tologic parameters, which include red blood cell (RBC)
counts, white blood cell (WBC) counts, platelet counts, he-
moglobin, and hematocrit. Blood samples, obtained by
performing facial vein bleeds 6 weeks post-injection, were
analyzed for renal (blood urea nitrogen and serum creatinine
levels) and hepatic biochemical functions (serum alanine ami-
notransferase and alkaline phosphatase levels). After the
blood samples were collected at 6 weeks post-injection, mice
were sacrificed by CO2 inhalation and necropsies were per-
formed. Heart, lungs, kidney, spleen, liver, and brain were

�Fig. 4 Intravenous injection of DCL64 liposomes led to oligonucleotide
accumulation in brain, including PCs. Mice were injected with
fluorescent DCL64 and euthanized 4- or 24-h post-injection. (a, left)
H&E stain showing the molecular layer (m), granule cell layer (g), and
PC layer in between; (a, right) fluorescent micrograph of the same region
as the H&E stain in non-injected mouse. b Detection of fluorescent
oligonucleotide 4-h post DCL64 injection in cerebellum; (left) calbindin
staining [pseudo-colored in green] and (right) fluorescent oligonucleotide
[red color]. c Detection of fluorescent oligonucleotide [in red] 24-h post
DCL64 injection in cerebellum; (left) calbindin staining [pseudo-colored
in green] and (right) red fluorescent oligonucleotide. Red fluorescence is
consistently found in the cytoplasm of PCs. d Detection of fluorescent
oligonucleotide [in red] 24-h post DCL64 injection in forebrain and
midbrain, (left) forebrain, and (right) midbrain. Note that red
fluorescence signals in these cells are less diffuse and often punctate (d)
compared with PCs shown in (c). The results at 4-h post DCL64 injection
was similar (data not shown). Scale bars (a, c, d) = 10 μm; (b) = 10 μm.
e Quantification of red fluorescent oligonucleotide signals in cerebellum,
forebrain, and midbrain was done with Fiji ImageJ. Eight images each of
cerebellum, forebrain, and midbrain were processed and quantified.
Two-tailed t test showed that fluorescent signals were higher in cerebel-
lum than forebrain (p < 0.05) and midbrain (p < 0.005)
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removed from each mouse and fixed by immersion in 10%
neutral buffered formalin (Fisher Scientific, Houston, TX,
USA) immediately after autopsy. Specimens were processed
for embedding in paraffin blocks, and sections (4 μm) were
cut and stained with hematoxylin and eosin (H&E).

In another safety experiment, mice (5/group) were injected
with DCL64 incorporated with oligonucleotides, once daily
for 5 days. Mice were injected with a total of 5 mg liposome
doses containing 0.5 mg oligonucleotides, which was approx-
imately 160 mg lipids or 16.0 mg oligonucleotides/kg of
mouse body weight. Additional mice were injected with a
total of 10 mg liposome doses containing 1.0 mg oligonucle-
otides, which was approximately 320 mg liposomes or
32.0 mg oligonucleotides/kg of mouse body weight. Non-
injected mice were used as controls. Hematological parame-
ters and renal and hepatic biochemical functions were collect-
ed and analyzed. Necropsies were performed.

Results

Uptake of DCL64 by Brain Microvascular Endothelial
Cells

We used liposomes to target lipoprotein receptors. We pre-
dicted that inclusion of cholesterol and poloxamer L64 in
the liposome formulation would enhance the affinity of
DPPC liposomes to lipoprotein receptors. Flow cytometric
analysis indicated that DCL64 was efficiently taken up by
BMECs compared to DPPC alone, suggesting that inclu-
sion of cholesterol and L64 significantly increased lipo-
some uptake by BMECs, approximately 25-fold higher
(Fig. 1). We also determined the uptake of DCL64 by
NIH3T3 fibroblasts. The uptake of DCL64 by NIH3T3
fibroblasts was about 2-fold higher than that of DPPC

(Fig. 1). However, the fibroblasts uptake of DCL64 was
~16-fold lower than that of the BMECs (Fig. 1).

Cryo-electron Microscopy
of Oligonucleotide-Incorporated DCL64

Next, we incorporated oligonucleotides into DCL64, and ex-
amined their ultrastructural features by cryo-electron micros-
copy (Fig. 2). The liposomes were individual spheroid struc-
tures and heterogeneous in size. Cryo-electron microscopy
showed that the size of DCL64-incorporated with oligonucle-
otides ranged between 100 and 200 nm in diameter (Fig. 2).

Liposome Binding to LDLr Family

BMECs are known to express LDLr, LRP-1, caveolin, and
SR-B1 [26–28]. We propose that the avid uptake of DCL64
by BMECs is mediated by these lipoprotein/lipid receptors.
This is because apolipoproteins E, A-I, and A-IV, which are
ligands of LDLr, LRP-1, and SR-B1, are adsorbed to L64.
Cholesterol binds to caveolin. Confocal microscopy was uti-
lized to track oligonucleotide and lipoprotein/lipid receptor
signals in BMECs. BMECs, in the absence of DCL64, did
not show fluorescence (Fig. 3a, top panel, left). BMECs incu-
bated with DCL64-incorporated oligonucleotides showed red
fluorescence from the Cy3-oligonucleotide cargo (Fig. 3a, top
panel, right). To determine the uptake mechanism of DCL64
liposomes, antibodies targeted to LDLr, LRP-1, caveolin, or
SR-B1 were added to BMECs after incubation with DCL64-
incorporated oligonucleotides. Red oligonucleotide signals
were found to co-localize with the green LDLr and LRP-1
signals (Fig. 3a, middle panels), indicating that DCL64 was
bound to LDLr and LRP-1. However, there was very little
overlap between the red oligonucleotide signals and the green

Table 2 DCL64 liposomes did not affect mice renal or hepatic biochemical functions

Weeks post-injection Liposomes Dose (mg) BUN (mg/dL) Creatinine (mg/dL) Alanine transferase (%) Alkaline phosphatase (IU/L)

6 DPPCa 5 26.6 ± 2.3 0.3 ± 0.1 106.0 ± 39.1 20.0 ± 20.1

6 DCL64a 5 29.2 ± 8.7 0.2 ± 0.1 112.2 ± 60.0 30.8 ± 24.0

a Five mice were used

Table 1 DCL64 liposomes did not affect mice hematological parameters

Weeks post-injection Liposomes Dose (mg) RBC (106/μL) Hemoglobin (g/dL) Hematocrit (%) Platelets (103/μL) WBC (103/μL)

2 DPPCa 5 11.4 ± 0.6 14.9 ± 0.8 58.6 ± 2.7 1247.4 ± 204.4 6.3 ± 0.9

2 DCL64a 5 11.5 ± 0.8 15.7 ± 0.6 62.5 ± 4.2 1326.4 ± 150.9 7.3 ± 1.4

6 DPPCa 5 10.8 ± 0.7 14.3 ± 0.7 57.4 ± 4.8 1321.6 ± 233.2 6.0 ± 1.6

6 DCL64a 5 10.8 ± 0.6 14.5 ± 0.2 58.2 ± 1.5 1264.4 ± 147.7 5.8 ± 1.5

a Five mice were used
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caveolin or SR-B1 signals (Fig. 3a, bottom panels), indicating
that DCL64 did not co-localize with caveolin or SR-B1.

We then determined whether BMEC uptake of DCL64
could be reduced by LDLr or LRP-1 blocking peptides.
Compared to untreated cells, binding of DCL64 to BMECs
was reduced when BMECs were pre-incubated with increas-
ing amounts of LDLr-blocking peptides (Fig. 3b, top row) or
LRP-1-blocking peptides (Fig. 3b, middle row). But,
caveolin-blocking peptides did not affect DCL64 binding to
BMECs (Supplementary Fig. 1). These studies indicate that
LDLr and LRP-1, but not caveolin or SR-B1, are essential for
the BMEC uptake of DCL64.

Intravenous DCL64 Injection Led to Oligonucleotides
Accumulation in Brain and Did Not Have Adverse
Effects in Mice

We determined whether iv administration of DCL64 could
deliver an oligonucleotide cargo to the cerebellum. We fo-
cused on cerebellum as this is the part of the brain where we
plan for future targeted therapeutic intervention. PCs in cere-
bellum were evident by H&E staining (Fig. 4a, left).
Fluorescent signal was not observed in non-injected mice cer-
ebella (Fig. 4a, right), but fluorescent oligonucleotides were
found within the cerebella 4 h (Fig. 4b, right) and 24 h (Fig. 4c
right) post iv injection. DCL64 was localized to PCs which
were identified by calbindin staining on the cryosections

adjacent to the DCL64 cryosection slides (Fig. 4b–c, left),
and in dendrites in the molecular layer (Supplementary
Fig. 2). Fluorescent oligonucleotides were also found else-
where in the brain including the forebrain (Fig. 4d, left) and
the midbrain (Fig. 4d, right) 24 h post-injection. But oligonu-
cleotide signal was higher in the cerebellum than in the fore-
brain or midbrain (Fig. 4e).

We also determined if the DCL64 could have an adverse
effect on mice. Intravenous injections of control DPPC or
DCL64 liposomes did not affect mouse hematological param-
eters, hepatic biochemical functions, or renal biochemical
functions (Tables 1 and 2). The hematological parameters,
renal biochemical functions, and hepatic biochemical func-
tions were very similar between non-injected mice and mice
injected with up to 10 mg of DCL64-incorporated oligonucle-
otides (Tables 3 and 4). Histopathology of major organs, such
as liver, kidneys, spleen, lung, heart, and brain, was normal in
all animals. These mice did not display any behavioral abnor-
malities suggestive of brain dysfunctions such as abnormal
gait, seizures or seizure-like activities, paresis, spasticity, or
hind limb clasping [39, 40].

Discussion

Here, we show that the novel DCL64 formulation allows oli-
gonucleotide delivery to cerebellar PCs upon iv administration.

Table 3 DCL64 liposomes incorporated with oligonucleotides did not affect mice hematological parameters

Weeks post-injection Treatment Dose (mg) RBC (106/μL) Hemoglobin (g/dL) Hematocrit (%) Platelets (103/μL) WBC (103/μL)

2 Non-injecteda 0 11.1 ± 0.8 14.4 ± 1.3 57.3 ± 3.5 1039.4 ± 228.6 6.7 ± 1.8

2 DCL64a 5 10.6 ± 0.3 14.1 ± 0.6 55.8 ± 2.0 1443.0 ± 157.4 7.3 ± 1.1

2 Non-injectedb 0 10.9 ± 1.3 15.5 ± 1.0 56.5 ± 5.7 1127.5 ± 359.6 6.3 ± 0.4

2 DCL64b 10 10.8 ± 0.7 15.5 ± 1.0 54.2 ± 3.6 1112.0 ± 205.7 5.0 ± 1.5

6 Non-injecteda 0 10.4 ± 0.7 12.4 ± 1.0 51.3 ± 3.9 844.0 ± 412.6 6.5 ± 1.6

6 DCL64a 5 11.2 ± 0.3 13.1 ± 0.2 60.0 ± 1.4 1254.6 ± 142.2 6.0 ± 0.5

6 Non-injectedb 0 10.9 ± 0.8 14.3 ± 0.7 56.9 ± 2.5 1103.6 ± 219.1 5.9 ± 0.7

6 DCL64b 10 10.9 ± 0.7 13.9 ± 0.7 56.6 ± 2.1 1084.0 ± 171.3 6.7 ± 0.4

a Five mice were used
b Five mice were used

Table 4 DCL64 liposomes incorporated with oligonucleotides did not affect mice renal or hepatic biochemical functions

Weeks post-injection Treatment Dose (mg) BUN (mg/dL) Creatinine (mg/dL) Alanine transferase (%) Alkaline phosphatase (IU/L)

6 Non-injecteda 0 28.2 ± 3.0 0.3 ± 0.0 129.8 ± 60.7 36.2 ± 24.9

6 DCL64a 5 26.8 ± 3.4 0.3 ± 0.0 126.8 ± 73.0 37.6 ± 18.0

6 Non-injectedb 0 30.8 ± 2.5 0.3 ± 0.1 68.8 ± 14.1 58.8 ± 22.5

6 DCL64b 10 29.5 ± 3.5 0.3 ± 0.1 55.5 ± 12.3 88.3 ± 18.5

a Five mice were used
b Five mice were used
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The data suggest that this formulation has potential to improve
the clinical applicability of RNAi technologies in treatments of
SCAs. The delivery of ASO, siRNA, and miRNA is currently
dependent on intra-thecal, intra-cerebral ventricular, intra-cis-
ternal, or stereotactic brain parenchymal injection. Even with
these direct delivery methods to the CNS, it is essential that
sufficient amounts of RNAi reagents are taken up specifically
by cells affected by the disease, which is often not the case.
Activity of ASO and siRNA has been shown in cell culture by
transfection, using cationic polyplexes. However, cationic
DNA polyplexes do not cross the BBB and do not allow gene
delivery to the brain [41]. Also, cationic polyplexes could in-
duce erythrocyte aggregation and be trapped in the capillaries
of lung tissues, causing pulmonary embolism [42, 43]. Thus,
the capability of DCL64 to deliver ASO to brain cells, prefer-
entially to cerebellar PCs, provides an important edge to ad-
vance RNAi therapeutic development for patients suffering
from SCAs.

DPPC, cholesterol, and poloxamer L64 of DCL64 are lipid
components that potentially serve as targeting ligands to lipo-
protein receptors. The exact delivery mechanism of DCL64 is
unclear but its avid uptake by BMECs (Fig. 1), blocking of the
uptake by LDLr- and LRP-1-specific peptides (Fig. 3b), and
its co-localization with LDLr and LRP-1 on BMECs (Fig. 3a)
suggest that the uptake mechanism involves LDLr family
members. The mechanism is likely to be similar to that of
nanoparticles coated with surfactant polysorbate 80 (Tween
80), which targets LDLr and SR-B1 and has been used to
deliver chemotherapeutics to brain tumors as well as brain-
derived neurotropic factor to the brain [22–24, 44]. Through
apolipoproteins E and A-I, which are ligands of LDLr and
SRB-1, the polysorbate 80-coated nanoparticles mimic lipo-
protein particles and are taken up by brain endothelial cells via
receptor-mediated endocytosis and cross the BBB. Similarly,
HDL particles carrying siRNA deposited the cargo in BMECs
upon iv administration [29], and LDLr and apolipoprotein E
were essential for this as siRNA delivery was significantly
reduced in mice deficient in LDLr or apolipoprotein E [29].

Furthermore, poloxamers P85 and P188 have been used to
enhance drug delivery to the brain. Poloxamer P85 was conju-
gated to leptin [45] while P188 was used to coat nanoparticles
[46]. The amount of apolipoprotein E adsorbed to the
poloxamer-stabilized nanoparticles appeared to be inversely
correlated with the number of polyethylene oxide units, and
L64 showed the highest adsorption of apolipoprotein E [37].
Apolipoproteins A-I and A-IV were also adsorbed to L64
poloxamer-stabilized nanoparticles [37], suggesting that they
could bind to SR-B1. Nonetheless, there was very little co-
localization of DCL64 with SR-B1 (Fig. 3a). This is likely
because the formulation and the preparation of the DCL64
liposome and the poloxamer-stabilized nanoparticles are very
different in coating surfactants, core lipids, and entrapped drug
[38]. Earlier, we have demonstrated that iv injection deposited

liposomes composed of dioleoylphosphatidylcholine,
poloxamer P188, and cholesterol (DOPC/P188/Cholesterol) in-
to myelinated peripheral nerves as well as choroid plexus epi-
thelia of brain lateral ventricles [38]. The components of the
DOPC/P188/Cholesterol and DCL64 are similar but they co-
localize with different receptors. The DOPC/P188/Cholesterol
liposomes are associated with lipid rafts which are enriched
with caveolins [38], but DCL64 is not co-localized with cave-
olin (Fig. 3a). The different lipid components likely affect the
protein adsorption patterns to the liposomes, which likely con-
tribute to different receptors co-localization and brain distribu-
tion patterns.

We did not expect DCL64 to have adverse effects in vivo.
This is because DPPC and cholesterol are widely abundant,
naturally occurring, and non-immunogenic lipids. The safety
of various poloxamer polymers has been extensively studied.
Poloxamers are relatively non-toxic to animals, with LD50

values reported from 5 to 35 g/kg [47]. Nonetheless, since
the LDLr family is expressed ubiquitously, it is necessary to
determine if DCL64 could produce adverse effects in vivo in
further preclinical studies. The lipid and oligonucleotide doses
studied here are similar to those used in our previous reports
[48, 49], which are the bases of our ongoing liposomal ASOs
clinical trials. Complete blood count including platelet count,
serum liver transaminase levels, blood urea nitrogen, and cre-
atinine levels inmice that received injections of empty DCL64
liposomes and DCL64 liposomal oligonucleotides showed no
evidence of hematological, hepatic, or renal adverse effects.

In summary, the DCL64 liposome described here provides
a promising delivery vehicle of short nuclei acids to ataxia,
dystonia, neurobehavioral disorders, and other neurological
disorders caused by cerebellar pathology. The cost and
manufacturing of DCL64 is feasible and easily scalable. The
ability of DCL64 to enter cerebellar PCs through systemic
administration offers a potential advantage over existing
formulations.

Conclusions

We developed a novel DCL64 liposome formulation that is
avidly taken up by BMECs, primarily via LDLr and LRP-1.
Intravenous administration of DCL64 led to accumulation of
oligonucleotide cargo in cerebellar PCs. This study presents
an important potential of DCL64 for clinical applications, es-
pecially in treatment of patients with SCAs.
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