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Abstract

Introduction: A Rabies Virus Glycoprotein (RVG) peptide was found to be
an effective carrier for siRNA molecules across the selectively impermeable
blood brain barrier and into neurons. This technique facilitates intravenous
small interfering RNA administration, but its application remains limited
to mice. Expansion into other animal species is required to broaden its
research use and enhance its clinical relevance.

Methods: The RVG peptide was fused with an alternating arginine-glycine
tail and separated by a glycine spacer. This peptide component was then
combined with a Dicer substrate small interfering RNA (DsiRNA) designed
to knock down mRNA specific to a protein, Shisa7, that associates with
GABAA receptors. Two cohorts of rats implanted with femoral catheters
were dosed once per day for two consecutive days and sacrificed at varying
time points after administration of RVG-91/DsiRNA. Brain tissue was
analyzed by RT-PCR and Western blot analysis to verify gene silencing.

Results: The first cohort of rats was analyzed via Western blot analysis.
The pons/medulla and cerebellum showed robust knockdown of Shisa7,
with a mean reduction of 51% and 68%, respectively. Shisa7 in the frontal
cortex was reduced by 43% and 6% at the 24-hour and 48-hour time point,
respectively. The second cohort of rats produced similar results for the
pons/medulla and cerebellum, while the frontal cortex showed a reduction
of 17% and 49% at 24 and 48 hours. The hippocampus only showed
gene silencing at 24 hours post-infusion. The RT-PCR data supported the
Western blot data, in that Shisa7 mRNA levels decreased in multiple brain
areas.

Conclusions: This study effectively knocked down Shisa7, an auxiliary
protein of the GABAA receptor complex, in multiple brain areas after
intravenous delivery of RVG-9r/DsiRNA in rats, making this non-invasive
technique a viable method for studying Central Nervous System (CNS)
proteins.
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Introduction

Studying protein function poses significant challenges because
of their complex interactions with other proteins and receptors.
Two of the most common methods for studying proteins are by
germline knockout or protein knockdown, which reduce or suppress
a specific protein’s expression or activity within a cell or organism.
These procedures are invaluable because the absence or reduction
of a protein can provide important information about the processes
or functions in the organism that are reliant on that protein [1].
However, gaining access to CNS proteins can be difficult due to the
relatively impermeable blood brain barrier. Intraparenchymal and
intracerebroventricular injections place solutions directly into the
brain or surrounding cerebrospinal fluid, though these injections can
cause varying degrees of brain trauma [2]. Intraparenchymal injections
affect a small, targeted area of the brain, while intracerebroventricular
(ICV) injections are used for more comprehensive knockdowns. One
downside to ICV injections is low penetrance into brain tissue, so
most of the affected tissue is located near the ventricles. An alternative
method that has shown more extensive penetrance and widespread
knockdown is tail-vein injection of adeno-associated viral vectors,
which is often given with a mannitol pretreatment [3,4]. Another
common approach to achieving protein knockdown is the use of small
interfering RNA (siRNA), a member of a class of RNA molecules
used for targeting and degrading messenger RNA (mRNA) [5]. The
molecules are double stranded, usually 21 nucleotides in length,
and use their complementary nucleotides to target specific mRNA.
Once bound, they are incorporated into a protein complex called the
RNA-Induced Silencing Complex (RISC), which facilitates mRNA
degradation and prevents the translation of mRNA to protein. The
effects of siRNA are usually rapid and transient depending upon any
chemical modifications, with most siRNAs being degraded over the
course of a few days [6].

Neurons can be particularly difficult to transfect with siRNA due
to their complex and highly interconnected nature and the endothelial
tight junctions of the blood brain barrier that prevent many molecules
from entering the CNS [7]. Recently, Rabies Virus Glycoprotein
(RVG) has gained significant attention in the field of neuroscience
because it promotes the passage of the rabies virus across the blood
brain barrier, into neurons, and from cell to cell [8]. RVG binds to
nicotinic acetylcholine receptors in the brain, in addition to a number
of other receptors from varying receptor families, including neural
cell adhesion molecule, p75 neurotrophin receptor, metabotropic
glutamate receptor subtype 2, and integrin B1, which mediate its entry
into the cell [9-12]. The capacity of RVG to bind such a wide range
of receptors is thought to contribute directly to the virus’ interspecies
applicability and to making RVG an interesting protein for use in
molecular biology [13]. Thus, multiple methods employing RVG
have been used to allow siRNA to enter neurons, including RVG
tagged exosomes and liposomes, RVG fused to enzymes, and RVG
fused to an arginine tail that complexes with siRNA [14-17].
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Of particular interest to us, was the method of fusing a 29-residue
peptide derived from RVG (RVG-29) to a poly arginine peptide (9r)
and complexing the positively charged tail with negatively charged
siRNA in mice. This complex, when injected intravenously, showed
efficient transfection with neuronal cell specificity [ 18]. RVG has been
shown to bind the alpha-1 and alpha-7 subunits of the acetylcholine
receptor and has also shown similarity to the snake alpha toxins
[8,19]. By using the snake alpha toxin, a-Bungarotoxin (BTX), which
binds to the alpha-7, -8, and -9 subunits of the acetylcholine receptor,
Kumar et al. showed that their shortened RVG peptide competitively
inhibited BTX’s binding to acetylcholine receptors [18,20]. The
acetylcholine receptor appears to be responsible for RVG peptide
uptake. They transfected mice with this complex and showed
no changes in mRNA expression in the spleen or liver, but a 30%
knockdown in gene expression in the brain. The peak knockdown
was observed 2 days after their treatment regimen, with protein levels
slowly increasing from that 48-hr time point. A different research
team then lengthened the therapeutic timeline of the RVG-derived
protein complex by developing a smaller RVG peptide (C2-9r) with
more protection from serum nucleases [21]. In addition to shortening
the peptide, they added a spacer of 4 glycine residues. These
conformationally unrestrained amino acids provided more flexibility
and promoted more efficient entry into the cell. The C2-91/siRNA also
showed neuronal specificity, with the largest knockdown occurring in
the cerebellum and the least, but still significant, knockdown in the
cortex and hippocampus.

In the present study, we combined the RVG-derived peptide

from Kumar et al. and the 4-glycine spacer from Javed et al., with an
arginine tail that was alternated with glycine residues [18,21]. This
combination allowed the tail to bind RNA and DNA, similar to the
protein, EBNAT, and its nucleic acid-binding motif [22]. Not only has
the EBNA1 protein DNA-binding motif been shown to bind RNA,
this same pattern of repeating glycine and arginine has been seen in
a number of RNA-binding proteins [23,24]. Furthermore, we chose
to use dicer substrate siRNA, which consists of 25-30 nucleotide
double stranded RNAs that bind with Dicer endonuclease [25]. This
modification makes DsiRNA 2-logs more effective at gene silencing
than standard 21-mer siRNA [26]. DsiRNA was also shown to be less
immunogenic than standard siRNA, which gives DsiRNA a better
clinical applicability [25]. Early reports of in vivo delivery of DsiRNA
have been promising and shown efficacious knockdown of various
genes in peritoneal macrophages and the liver [27,28]. In contrast,
knockdown for CNS-related purposes has had more limited success
and requires direct injection or some type of carrier. Expanding this
RVG-peptide guided siRNA to be less immunogenic DsiRNA and
to a rat model would expand its use and promote investigation into
its clinical usefulness. Analysis using NCBI’s BLAST on the percent
identity between mouse and rat receptors known to be involved in
rabies virus cellular uptake revealed >90% similarity between the two
species (Table 1). This suggests the RVG-mediated delivery of siRNA
may be translatable to a rat model. While previous work with RVG-
guided siRNA has only been accomplished in mice, we show through
our work that the same method can be adapted to a rat model.

. . Percent
Mouse Rat Percent identity Mouse Rat identity
Nicotinic Acetylcholi
Nicotinic Acetylcholine relcceo tlzicsut:n}ilt 211 ohI;le Nicotinic Acetylcholine  Nicotinic Acetylcholine
receptor subunit alpha 1 recprsor P 98.47% receptor subunit alpha 9 receptor subunit alpha 9 97.49%
P04756.1 prect NP_001074573.1 AAAS6720.1
NP_077811.1 -
. ) Nicotinic Acetylcholine Nerve Growth Factor Tumor necrosis factor
Nicotinic Acetylcholine . .
. receptor alpha polypeptide Receptor (TNFR receptor superfamily
receptor subunit alpha 1 . 97.84% . 95.78%
PO4T56.1 1, isoform CRA a superfamily, member 16) member 16
' EDL79151.1 Q9Z0OW1.2 P017174.1
Nicotinic Acetylcholi
Nicotinic Acetylcholine 10 tmlc bc © }./tc lohl ne; Neural Cell adhesion Neural cell adhesion
receptor subunit alpha
receptor subunit alpha 7 precprsor P 99.40% molecule 1 molecule 1 isoform X8 97.86%
u
AAF35885.1 P13595.3 XP_017450950.1
NP _036964.3 -
Nicotinic Acetylcholi
Nicotinic Acetylcholine {COHIE Ace y chotme Glutamate receptor, Metabotropic glutamate
. receptor subunit alpha 7 .
receptor subunit alpha 7 subunit splice variant 7-2 93.97% metabotropic 2 receptor 2 precursor 98.51%
ubui \ -
AAF35885.1 14B12.2 NP_001099181.1
AAV31080.1 Q -
Nicotinic Acetylcholi
Nicotinic Acetylcholine {COHe Cet}.] chotne Integrin beta 1 (fibronectin .
. receptor subunit alpha 9 Integrin beta-1
receptor subunit alpha 9 precursor 97.70% receptor beta) P49134.1 98.12%
u .
P _001074573.1 P .1
NP_001074573 NP 075219.2 09055

Table 1: Mouse and rat proteins were compared using the NIH’s Basic Local Alignment Search Tool. Proteins were selected based on
previous research showing interaction with rabies virus glycoprotein, suggesting possible involvement in RVG-9r-mediated cellular uptake of
siRNA. High similarity between rat and mouse receptor proteins suggests that the RVG-9r/siRNA technique may be expanded from mice to

rats.
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Materials and Methods

Subjects and surgery

Long-Evans hooded rats, six male and one female, from Charles
River (Wilmington, MA) and one Sprague Dawley male rat from
Envigo (Indianapolis, IN) served as subjects in this experiment. The
subjects’ diet consisted of 45-mg grain-based food pellets (Bio-Serv,
Prospect, Connecticut) and Teklad 18% protein rodent diet chow
(Indianapolis, IN). Starting at 6:00 am., the colony room was on a
14-hour/10-hour light/dark cycle and maintained at a temperature of
21°C + 2°C with 50% + 10% humidity. The subjects were individually
housed in polypropylene cages with woodchip bedding and nesting
material. All animals were handled in accordance with the guidelines
of the Institutional Animal Care and Use Committee of the Louisiana
State University Health Sciences Center in New Orleans and the
Guide for the Care and Use of Laboratory Animals. These subjects
had a history of acute drug administration and of responding under
operant schedules of reinforcement prior to this study.

To achieve a knockdown of Shisa7 using the RVG complex,
the rats were implanted with a femoral catheter attached to a semi-
permanent exteriorized port located on subjects’ back that allowed
for repeated acute i.v. infusions. Catheters remained patent for
up to a year, with patency maintained by regular 1 ml/kg i.v.
infusions containing heparin (50 U/ml), enrofloxacin (5 mg/ml),
and 0.9% saline. Occasionally, catheter patency was assessed by i.v.
administration of 0.1-0.2 ml of 10 mg/ml methohexital sodium (PAR
Pharmaceuticals, Woodcliff Lake, New Jersey).

RVG-9r/DsiRNA

The RVG-9r with a 4-glycine spacer was obtained from Peptide
2.0 (Chantilly, VA) in a quantity of 30 mg. The full sequence was

SeEESSSLSSSSBen,
e Poa,

as follows: YTIWMPENPRPGTPCDIFTNSRGKRASNGG
GGrGrGrGrGrGrGrGrGr, where r is the D form of arginine. It was
stored in a 5% glucose solution and kept at -20°C. A pre-designed
DsiRNA targeting rat Shisa7 (catalog # rn.Ri.Shisa7.13.1) was
obtained from Integrated DNA Technologies (Coralville, IA).

RVG-9r/DsiRNA administration

Prior to infusion, a 1:1 molar ratio of RVG:9R peptide: DsiRNA
at 3 nanomoles each was suspended in 200 microliters of 5% glucose
solution. A 1:1 molar ratio was used, rather than the 10:1 molar
ratio reported by Kumar et al. due to issues with precipitation upon
mixing the 10:1 molar ratio [18]. We suspect precipitation of the 10:1
molar ratio was due to the excess of positively charged RVG peptide,
which, when in the presence of a few molecules of negatively charged
DsiRNA, bound and clumped together similar to what occurs in
neutrophil extracellular traps [29]. Similar clumping was observed
previously in studies evaluating the nucleic acid-binding domains of
EBNAL [30].

The entire 200 microliter solution was administered i.v. to the rats
followed by a 200 microliter flush with a 5% glucose solution to clear
any RVG-9R/DsiRNA from the in-dwelling portion of the catheter.
The rats were dosed once per day for two consecutive days with
the peptide/DsiRNA complex (3 nanomoles each) as an adaptation
of the procedure used by Kumar et al. [18]. Rats were sacrificed at
varying time points after the second dose of RVG-9r/DsiRNA (Figure
1). At these time points, the brains were extracted and dissected into
separate regions using a previously established procedure [31]. The
brain regions dissected were the frontal cortex, cerebellum, pons/
medulla, striatum, midbrain, hippocampus, and cortex. To ensure
consistency across brain dissections, the same researcher completed
every dissection, used specific gross features as a guide, and compared
end weights and visual appearances of all brain areas between rats.
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Figure 1: Schematic showing the interaction of the positively charged arginine tail with the negatively charged DsiRNA which then
interacts with the nicotinic acetylcholine receptor to gain entry into neurons. The lower portion of the schematic shows that the RVG-9r/
DsiRNA was infused on two consecutive days and that rats were sacrificed on days 1, 2, 4, and 7 after the second infusion to obtain the

time course for the reductions in protein.
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Reverse-transcriptase-qPCR for Shisa7 gene expression

RT-PCR was performed on RNA isolated from a control rat and
a rat that was given two consecutive days of RVG-9r/DsiRNA and
sacrificed 48 hours after treatment. Following decapitation using a
guillotine, the brains were extracted, dissected into the previously
indicated brain areas, and flash frozen in liquid nitrogen. The
samples were then stored in a -80°C freezer until further use. The
subset of brain areas analyzed for qPCR were cerebellum, pons/
medulla, striatum, midbrain/thalamus, and hippocampus. RNA was
extracted from 200 mg of rat brain tissue using TRIzol reagent per
manufacturer’s protocol (Invitrogen). Extracted RNA was used
to prepare cDNA using the iScript gDNA Clear cDNA Synthesis
kit (Bio-Rad; catalog #1725035). qPCR assays were performed
using the SsoAdvanced Universal SYBR Green Supermix kit (Bio-
Rad; catalog #1725271). Reactions were run using Bio-Rad CFX
96. The following primers were used for amplification: Shisa7
Forward 5’-CCACCTGTTCCTGGGACCTCTC-3> and Shisa7
Reverse 5’-TTCTCACGACATGGCAGAGA-3’. The mRNA levels
were quantified relative to rat 18S mRNA levels using primers 18S
Forward 5’-AAACGGCTACCACATCCAAG-3" and 18S Reverse
5’TTGCCCTCCAATGGATCCT-3"[32]. Both assays were performed
at an annealing temperature of 53°C and melt curve analysis was used
to confirm amplicon specificity.

Western blots

The first group of Western blots were performed with flash frozen
tissue from dissected brain regions of Long-Evans rats treated with
either control or RVG-9R/DsiRNA. The subset of brain areas analyzed
for this analysis were cerebellum, pons/medulla, frontal cortex, and
hippocampus. Of the treated rats, brains were obtained at 24 hours, 48
hours, and 72 hours. The protein extraction buffer contained 20 mM
Tris pH 8.0, 137 mM NaCl, 0.5 mM sodium orthovanadate, 2 mM
okadaic acid, 10% glycerol, 1% Nonidet P-40, 2% proteinase inhibitor
based on a previously published procedure [33]. The antibodies used
included rabbit polyclonal antibody Shisa7 (Biorbyt, Durham, North
Carolina) (orb587814) as a primary antibody (1:200 dilution), anti-
rabbit IgG, Horseradish Peroxidase-linked whole antibody (CiteAb,
United Kingdom) (NA934) as a secondary antibody (1:1500 dilution),
and HRP-conjugated actin mouse monoclonal antibody (Proteintech,
Rosemont, Illinois) (HRP-60008) for detection of actin (1:10000
dilution). Dilutions and procedures for the Western blots were based
on previously published procedures [34]. The Shisa7 protein band
intensities were normalized to that of actin and the subsequent percent
changes in protein levels of Shisa7 were graphed.

The second group of Western blots were completed with a different
cohort of Long-Evans rats with the goal of replicating the data from
the first group while also adding a one-week post-knockdown time

point to assess protein recovery time. In these blots, the samples were
also treated with TRIzol due to the need to simultaneously extract
RNA from the samples. The protein extraction protocol was based
on an optimized protein extraction buffer used for TRIzol treated
samples [35]. All quantification was performed using Image J [36].

Results
RT-PCR

Comparison of Shisa7 mRNA levels between a control animal
and an animal sacrificed at 48 hours after the second dose of the
siRNA indicated Shisa7 mRNA levels decreased in multiple brain
areas. More specifically, the reduction of Shisa7 mRNA levels was
>50% in cerebellum, pons, striatum, and hippocampus, and 33% in
midbrain. The average decrease of Shisa7 mRNA across all brain
areas analyzed was 56% with a standard deviation of 0.15% (Figure
2).

Western blots

As shown in panels A-E of Figure 3, levels of Shisa7 were
successfully reduced in the pons/medulla and cerebellum at all three
time points, with the peak reductions varying between brain areas
and across the time points for specific brain areas (pons/medulla 24
hr=-57.05%, 48 hr=-32.54%, 72 hr=-63.46%: Cerebellum 24 hr=-
62.71%, 48 hr=-72.81%, 72 hr=-69.18%: Frontal cortex 24 hr=-43.61,
48 hr=-5.96%, 72 hr=+36.91%). For example, a 32.54% reduction
was obtained for the pons/medulla at the 48-hr time point, whereas a
62.71% reduction was obtained at the 72-hr time point. The frontal
cortex samples showed a 43.61% reduction of Shisa7 at 24 hours
after RVG-9R/DsiRNA administration, but protein appeared around
control levels at the 48 and 72-hour time points (Figures 3C-3E).

In the second cohort of rats that were administered RVG-9r/
DsiRNA and sacrificed at varying time points, similar results were
seen compared to the initial cohort (pons/medulla 24 hr=-22.09%, 48
hr=-58.97%, 1 wk=+347% (excluded): Cerebellum 24 hr=-76.98%,
48 hr=-95.38%, 1 wk=-81.50%: frontal cortex 24 hr=-17.96%, 48
hr=-49.90%, 1 wk=-60.77%: Hippocampus 24 hr=-40.53%, 48
hr=+32.12%, 1 wk=+118.638%). The reduction of Shisa7 in the
pons/medulla peaked at 48 hours, but the one-week time point was
excluded from the analysis due to an irregular actin/Shisa7 ratio
(Figure 4). There was also a marked reduction of Shisa7 in the
cerebellum that persisted through the one-week time point (Figures
4A-4C), with a peak reduction of 95% after 48 hrs. Levels of Shisa7
in the frontal cortex were moderately reduced (50% at 48-hour time
point) and this reduction persisted for one week. Unlike the other
brain areas examined, Shisa7 in the hippocampus was only reduced
at the 24-hr time point and protein levels were markedly upregulated
at the 48-hr and one-week time points (Figures 4D-4F).

Shisa7 mRNA level after RVG-9r/DsiRNA

20

-40

-60 -| l

Percent Change Compared to Control

AVG Cere Pons Striat Midbr Hippo

Brain Area

Figure 2: RT-PCR of flash frozen brain tissue was performed on a rat administered two consecutive days of RVG-91r/DsiRNA and
sacrificed 48 hours after the second infusion. The percent change from the levels in a control rat were calculated for the cerebellum,
pons/medulla, striatum, midbrain, and hippocampus. The average percent decrease (standard deviation=15.18%) in Shisa7 mRNA is
shown by the leftmost bar above “AVG.”
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Figure 3: Western blot analysis of Shisa7 protein expression normalized to actin for the pons/medulla (A, B), cerebellum (C, D), and frontal
cortex (C, D). Samples were acquired from rats sacrificed at 24-, 48-, and 72-hours after RVG-91r/DsiRNA administration and compared to a

control animal.
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Figure 4: Western blot analysis of Shisa7 protein expression normalized to actin for the pons/medulla (B, C), cerebellum (B, C), frontal cortex
(E, F), and hippocampus (E, F). Samples acquired from rats administered RVG-9r/DsiRNA and sacrificed 1, 2, and 7 days post treatment were
compared to those for an untreated, control animal. The 7 day time point for the pons/medulla is not shown due to an irregularity in the actin

control.

Discussion

The present study demonstrated the effectiveness of an RVG-
derived peptide fused to a 9-arginine tail with a 4-glycine spacer (RVG-
9r) for delivering dicer substrate small interfering RNA (DsiRNA)
into the CNS of rats. Moreover, DsiRNA was successfully delivered
into specific brain regions and reduced expression of Shisa7. The use
of RVG-9r as a delivery vector has been previously demonstrated only

in cell lines and mouse models, but our study extends this method to
rats and offers advantages in terms of translational relevance [18].
Rats have been used extensively in behavioral and neuroscience
research, making them a valuable species for investigating the effects
of targeted protein reductions in a broader context. Not only does our
study widen the scope of this application to an additional species,
but it also employs the use of DsiRNA, which are shown to be 100
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