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Abstract
Our research group has developed a cell‐penetrating peptide‐based delivery system that includes the Asn194Lys mutation in
the rabies virus glycoprotein‐9R peptide (mRVG‐9R). This system has the capacity to deliver DNA in astrocytes and SH‐
SY5Y cells. The aim of this study was to evaluate the ability of the mRVG‐9R peptide to deliver DNA molecules to murine
brain cells. The mRVG‐9R peptide, a karyophilic peptide (KP) and a plasmid encoding green ﬂuorescent protein (GFP)
were bound by electrostatic charges to form the mRVG‐9R complex. mRVG‐9R complex was injected into the cerebral
cortex, striatum and hippocampus of C57BL/6 mice by stereotactic surgery. After 2, 4, and 20 days, the animals were
sacriﬁced and their brains were prepared for quantitative reverse‐transcription polymerase chain reaction and histological
analysis. We detected the GFP expression in neurons and glial cells in the cerebral cortex, striatum, and hippocampus of the
murine brain. The results suggest that the mRVG‐9R peptide has the ability to deliver DNA molecules to murine brain cells.
Also, the expression of the reporter gene is maintained at least up to 20 days after injection in neurons, astrocytes,
oligodendrocytes, and microglia cells. Thus, the in vivo transfection ability of the mRVG‐9R peptide, makes it a promising
candidate as a therapeutic gene delivery vector to the central nervous system cells.
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Introduction
Numerous eﬀorts have been made to develop treatments
for neurodegenerative diseases that are safe, eﬀective, and
speciﬁc to the aﬀected cells and pathways that are involved.
Given the limitations in delivery systems, mainly due to
their low eﬃciency to cross cell membranes and the blood‐
brain barrier (BBB), there is a need to ﬁnd new methods
that can increase the transport of therapeutic molecules to
the brain in neurological diseases (Pardridge, 2002). To
overcome these limitations of therapeutic genes delivery to

the central nervous system (CNS), viral and non‐viral
vectors have been developed (Schubert et al., 2008).
Several techniques have been proposed to solve this cell
membrane penetration problem, such as electroporation,
microinjection, and liposomal encapsulation. Viral vectors
are the most commonly used to promote transgene
expression. However, these methods involve cytotoxicity
and poor transport eﬃciency, in addition to being highly
invasive for in vivo application (Samulski and Muzyczka,
2014). An alternative for transporting therapeutic molecules across cell membranes, is the use of non‐viral vectors,
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such as cell‐penetrating peptides (CPPs) composed of short
sequences of less than 40 amino acids. The CPPs can cross
cellular membranes eﬃciently with low cytotoxicity and
can be readily synthesized (Heitz et al., 2009).
Some CPPs have shown the ability to deliver therapeutic
molecules across the BBB in neurodegenerative diseases
(Dinca et al., 2016). These CPPs include the peptide human
immunodeﬁciency virus‐1 trans‐acting activator of transcription (HIV TAT), angiopep, penetratin, transportan
(TP), prion peptide, SynB vectors, and rabies virus
glycoprotein (RVG) (Zou et al., 2013).
RVG is a protein that is recognized by the nicotinic
acetylcholine receptor (nAchR), this receptor is located in
the cellular membrane of the cerebral vascular endothelium, neurons, and glia cells (Gastka et al., 1996). The
peptide RVG‐9R contains 29 amino acids derived of RVG
protein, three glycine residues as a spacer and nine arginine
residues. RVG‐9R has been tested and proven to eﬀectively
deliver therapeutic molecules by crossing the BBB (Kumar
et al., 2007).
Other CPPs derived from the RVG protein, because of its
neurotrophic properties, have been developed (You et al.,
2018; Zhao et al., 2018). The use of gene therapy to modify
neurodegenerative processes has challenges, including
target cell speciﬁcity and transient gene expression
duration (Bowers et al., 2011). According to the characteristics of some CPPs, these can be modiﬁed or be assembled
into a complex for brain delivery of therapeutic genes.
Gene therapy approaches for CNS diseases have shown
signiﬁcant advances. However, most have been carried out
using viral vectors, which are not applicable to all
neurodegenerative diseases (Kantor et al., 2014).
In neurodegenerative diseases, where one or several
regions of the brain are aﬀected (You et al., 2018), it is
essential to ﬁnd a delivery method that can eﬀectively
transport therapeutic molecules to brain regions of interest,
particularly, to the injured cell type.
Our research group has developed a peptide‐based
delivery system that includes the Asn194Lys mutation in
the RVG‐9R peptide (mRVG‐9R). This system has proven
to have high eﬃciency in the delivery of DNA as cargo
molecule to neuronal phenotype cells and astrocytes in
vitro, but is not able to transfect oligodendrocyte precursor
cells (OPCs) (Villa‐Cedillo et al., 2017).
The emphasis of this study is to evaluate the mRVG‐9R
system as a promising strategy to provide neurorestorative
and neuroprotective molecules through gene therapy in
diseases such as Parkinson’s Disease (PD) and Alzheimer’s
Disease (AD). We evaluated the following points: the ability of
RVG‐9R and mRVG‐9R to deliver a transgene [green
ﬂuorescent protein (GFP) reporter gene] to the murine brain;
the transfected cell types and the transgene expression time.
To determine the speciﬁc cell types transfected by the
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transgene, we injected the RVG complex into the areas of
interest (hippocampus, cerebral cortex, and striatum) in the
mouse brain by stereotactic surgery.
Methodology

Reagents
For the mRVG‐9R or RVG‐9R complex preparation,
peptides were purchased from United Peptide
Corporation (Herndon, VA, USA), green lantern plasmid
(pGL) was purchased from GIBCO BRL (USA). Anti‐GFP
antibodies were purchased from Abcam (Cambridge, MA,
USA); anti‐2′,3′‐cyclic‐nucleotide 3′‐phophodiesterase
(CNPase), anti‐glial ﬁbrillary acidic protein (GFAP), anti‐
ionized calcium binding adaptor 1 (Iba1), goat anti‐mouse
ﬂuorescein isothiocyanate (FITC), and goat anti‐rabbit
rhodamine antibodies were purchased from Millipore
(Millerica, MA, USA); 4′,6‐diamidino‐2‐phenylindole
(DAPI) mounting solution was purchased from Vector
Laboratories, Inc. (Burlingame, CA, USA). The RNA
extraction reagent TRIzol™ was purchased from Thermo
Fisher Scientiﬁc (Waltham, MA, USA) and RNAlater® from
Sigma‐Aldrich (St. Louis, MO, USA). The synthesis of
complementary DNA (cDNA) was performed with the kit
GoScript® purchased from Promega (Fitchburg, WI, USA).
Polymerase chain reaction (PCR) reagents (Buﬀer, dNTPs,
Taq polymerase) were purchased from Axygen (New York,
USA). GFP and actin primers were purchased from
Euroﬁns (Louisville, KY, USA).
For quantitative reverse‐transcription PCR (qRT‐PCR)
reagent SYBR Green/ROX qPCR Master Mix was purchased
from Thermo Fisher Scientiﬁc Inc. Primers were purchased
from T4OLIGO (Irapuato, Guanajuato, Mexico).
For animal manipulation we worked with two anesthetics, Avertin® from Sigma‐Aldrich for stereotactic
surgery and Ketamine/Xylazine (PiSA Guadalajara,
Mexico) to sacriﬁce the animals.

Animals
Forty‐two mice of the C57BL/6 strain were divided into the
following groups: control [phosphate‐buﬀered saline
(PBS)], control (pGL without RVG peptide), pGL‐RVG‐
9R‐KP and mRVG‐9R‐KP. The animals were maintained at
optimal conditions with 12‐h light/dark cycles with water
and food ad libitum. The protocol was approved by the
bioethics committee of the UANL Faculty of Medicine with
the number HT17‐00005.

Preparation of RVG complexes
Two RVG‐9R complexes, pGL‐RVG‐9R‐KP and
pGL‐mRVG‐9R‐KP, were prepared using 2 µg of
Cell Biol Int 43 (2019) 809–819 © 2019 International Federation for Cell Biology
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plasmid pGL and incubated with 2 µg of the RVG‐9R
(YTIWMPENPRPGTPCDIFTNSRGKRASNGGGGRRR
RRRRRR) or mRVG‐9R (YTIWMPENPRPGTPCD
IFTKSRGKRASNGGGRRRRRRRRR) and 2 µg of the
karyophilic (MAPTKRKGSCPGAAPNKKP) peptides at
RT for 30 min under continued agitation.

Stereotactic surgery
For the injection of pGL‐RVG‐KP and pGL‐mRVG‐KP
complexes in vivo, 10‐week old C56BL/6 mice, 25 ± 2 g of
weight, were anesthetized with 2,2,2‐Tribromoethanol
(Avertin®, 125–250 mg/kg body weight).
They were placed in the stereotaxic equipment
(Stoelting) with the incisor bar 6 mm below the interaural
line. The cortex coordinates were adjusted as follow: AP
+0.38 mm from the interaural line, ML −2 mm, and DV
−3.12 mm from the cerebral cortex. Hippocampus: AP
−1.86 from the interaural line, ML −1 mm from the
midline, and DV −2.5 mm. Striatum: AP +0.38 from the
interaural line, ML −2 mm, and DV −3.12 mm. After
cranial trepanation, 2.5–5 µL containing the RVG‐9R
complexes were microinjected at a rate of 0.1 μL/min
(10 µL syringe Hamilton 900 series).

RNA puriﬁcation and qRT‐PCR
Animals were sacriﬁced at 2, 4, and 20 days after
stereotactic surgery. In order to identify reporter gene
expression in mouse brains, RNA from diﬀerent transfected brain regions was obtained using TRIzol®. RNA
quality was analyzed on a 0.8% agarose gel containing
ethidium bromide (0.5 g/mL of the gel). Subsequently,
the reverse transcriptase reaction was carried out following
the protocol of the GoScript Reverse Transcriptase
Kit® (Promega). The cDNA was synthesized from
RNA obtained from brains transfected with the RVG‐9R
complexes. qRT‐PCR was performed using Maxima
SYBR Green/ROX qPCR Master Mix (Thermo
Fisher Scientiﬁc Inc.) with the following oligonucleotides:
GFP—5′‐CCAACACTGGTCACTACCTTC‐3′/5′‐GATG
GTTCTCTCCTGCACATAG‐3′) [primers glyceraldehyde‐
3‐phosphate dehydrogenase (GAPDH)—5′‐AGGTCGGT
GTGAACGGATTTG‐3′/5′‐TGTAGACCATGTAGTTGA
GGTCA‐3′]. qRT‐PCR reactions were performed using a
StepOne Real‐Time PCR system. Calculations were made
using the 2−ΔΔC t threshold cycle method and normalized to
those of GAPDH rRNA.
For RT‐PCR, the following oligonucleotides were used:
GFP—5′‐GAAGGTGATGCCACATACGG‐3′/5′‐GTAAT
GGTTGTCTGGGAGGAG‐3′ and ACTIN—5′‐GGTGAT
GACCTGGCCGTCAGGC‐3′/5′‐GGCCAACCGCGAGAA
GATGACC‐3′. Reactions were performed using a Thermal
Cycler T‐100 from Bio‐Rad.
Cell Biol Int 43 (2019) 809–819 © 2019 International Federation for Cell Biology
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Tissue processing, immunoﬂuorescence (IF), and
immunohistochemistry (IHC)
Animals were sacriﬁced at 4 and 20 days after stereotactic
surgery. The perfusion technique was performed to obtain
mice brain tissue. Mice were anesthetized with ketamine/
xylazine (100 mg/kg, intraperitoneal injection) and perfused intracardially with ice‐cold PBS 1×. Followed by
25 mL of 4% paraformaldehyde (PFA) (in 0.1 M sodium
phosphate buﬀer pH 7.4). After perfusion, the brain was
dissected from the animals and stored in 4% PFA for 12 h.
Once the brains were obtained and post‐ﬁxed, they were
embedded in paraﬃn blocks and 4 μm thick sections were
made in a Leica RM2245 microtome.
The deparaﬃnization and rehydration of the brain
sections were performed. Then, epitope recovery was
done with citrate buﬀer pH 6.9. Three washes of 5 min
each were performed with 1× PBS. For IF, cell permeabilization was achieved by washing three times for 5 min each
with 0.1% PBS‐Triton. Non‐speciﬁc sites were blocked for
1 h with 10% horse serum prepared in 0.1% PBS‐Triton.
Tissues were incubated for 12 h at 4°C with Rabbit
Polyclonal anti‐GFAP (1:1,000; Abcam) for astrocytes,
anti‐CNPase (1:200; Millipore) for oligodendrocytes, and
anti‐Iba1 (1:200; Abcam) for microglia. Antibodies were
diluted in 1.5% normal horse serum and 0.1% Triton‐X‐
100, in PBS. After incubation, three washes of 5 min each
were performed with 0.1% PBS‐Triton. They were then
incubated with the secondary antibody goat anti‐mouse
FITC or goat anti‐rabbit rhodamine (1:1,000; Millipore)
diluted in 0.1% PBS‐Triton‐1.5% horse serum or 0.1% PBS‐
Triton 1.0% horse serum for 2 h at room temperature (RT).
Three washes of 5 min each were performed with 1× PBS.
For IF, the specimens were dried on the slides and
mounted with VECTASHIELD®. For IHC, brain sections
were quenched of endogenous peroxidase activity by
30 min incubation at RT with 0.3% H202 in distilled water.
Sections were rinsed in PBS and incubated with primary
antibodies overnight at 4°C, and then incubated with
biotinylated horse anti‐rabbit IgG (1:200 dilution in 1.5%
normal horse serum and 0.1% Triton‐X‐100, in PBS) for
1 h at RT.
After washing, sections were incubated with avidin–biotin–horseradish peroxidase (Vectastain Elite ABC Kit;
Vector Laboratories; 1:100 dilution in 1.5% normal horse
serum and 0.1% Triton‐X‐100, in PBS) for 1 h at RT, and
washed in PBS before DAB detection (DAB‐Kit; Vector
Laboratories). Samples were analyzed by light microscopy.
Slices were counter‐stained with Harris hematoxylin.

Statistical analysis
Diﬀerences between experimental groups were determined
by one‐way analysis of variance followed by Tukey’s test
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using GraphPad prism 6.0 software (San Diego, CA, USA).
All data are presented as the mean ± standard deviation.
P < 0.05 was considered statistically signiﬁcant.
Results

mRVG‐9R complexes can transfect CNS cells into the
murine brain
In our previous report, we conﬁrmed successful cellular
transfection of neuroblastoma cells and astrocytes in vitro
using mRVG‐9R complexes (Villa‐Cedillo et al., 2017).
In this study, we prove the ability of mRVG‐9R
complexes to transfect CNS cells in vivo. We injected
pGL‐RVG‐9R‐KP or pGL‐mRVG‐9R‐KP complexes into
the cerebral cortex, hippocampus, and striatum by stereotactic surgery in the mouse brain.
These regions were analyzed because they partake in
important pathways of great interest in neurodegenerative
processes. Since these regions involve a large number of
diﬀerent types of neurons and neuroglia, the cerebral
cortex represents a valuable region due to its wide
variability in cell types.
After RVG complexes injection, cDNA synthesized from
RNA isolated from the brain regions of interest at 2, 4, and
20 days was obtained. The RT‐PCR and qRT‐PCR analysis
was then employed to identify GFP reporter gene
expression. GFP expression was found in all regions of
interest at 2 days after the injection (Figure S1A).
Subsequently, the GFP expression in cerebral cortex,
hippocampus, and striatum was evaluated at day 4. As
seen in Figure S1, at 4 days after the injection, expression of
the reporter gene was also observed in all three regions of
interest. Also, we analyzed the expression of the reporter
gene up to 20 days after the injection of the RVG‐9R
complexes, and we observed that the expression of the
reporter gene in the cerebral cortex (Figure 1C), the
hippocampus, (Figure 2C), and the striatum were maintained (Figure 3C). In all the regions of interest, the highest
expression was at 4 days after the injection with mRVG‐9R,
this expression decreases at 20 days after the injection. The
reporter gene expression between the groups in striatum,
statistical signiﬁcance was not signiﬁcant, at 20 days after
the injection (Figure 3C). But, in cortex and hippocampus,
we found a signiﬁcant diﬀerence between mRVG‐9R and
RVG‐9R at 4 and 20 days after the injection.
It is essential to identify the cell types that can be
transfected by mRVG‐9R complexes in the diﬀerent
regions of our interest, since a therapeutic vector could
be directed to the aﬀected cell type. After pGL‐RVG‐9R‐KP
or pGL‐mRVG‐9R‐KP complexes injection, GFP reporter
gene expression was analyzed by IHC at 4 and 20 days. GFP
gene expression was observed 4 days after the injection in
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brain cells in the cerebral cortex (Figure 1A), hippocampus
(Figure 2A) and striatum (Figure 3A). Higher expression
was observed in mice injected with pGL‐mRVG‐9R‐KP,
unlike mice injected with pGL‐RVG‐9R‐KP. This result was
conﬁrmed by statistical analysis of the GFP+ cell count per
ﬁeld in cortex and striatum as shown in Figures 1B and 3B,
respectively. No signiﬁcant diﬀerence was observed between mice injected with diﬀerent RVG‐9R complexes in
the hippocampus at day 4 (Figure 2B).
To determine the transgene expression time, we
analyzed the GFP expression at 20 days post‐injection.
Expression of the reporter gene is maintained at least up
to 20 days after the injection with the RVG‐9R
complexes in the cortex (Figure 1A), hippocampus
(Figure 2A), and striatum (Figure 3A). The statistical
analysis showed that the GFP + cell count per ﬁeld is
higher in the group of mice injected with pGL‐mRVG‐
KP complexes than in those injected with pGL‐RVG‐KP
in all regions of interest. Also, the decrease in GFP
expression in the group injected with pGL‐mRVG‐KP
was ~20% at 20 days compared with the observed on day
4. This GFP expression decrease is lower than that
observed in groups injected with the wild complex at 4,
and 20 days after the injection (Figures 1B, 2B, and 3B).
We wondered whether injections with mRVG‐9R
complexes in other regions of the brain could show
reporter gene expression. The pGL‐mRVG‐9R‐KP complex
was then injected in the right ventricle brain region. IHC
examined reporter gene expression at 4 days after the
injection with the complex, and its expression was found in
the CA1, CA3, and DG regions of the hippocampus
(Figure 2D).
Interestingly, our morphological analysis demonstrated
GFP expression in the neurons of the three regions of
interest. Among neurons observed expressing GFP at 4 and
20 days in cortex and hippocampus, were pyramidal cells. It
will be interesting to analyze with speciﬁc markers which
type of neurons are expressing the gene reporter when
transecting with mRVG‐9R peptide.
The ability of the pGL‐RVG‐9R‐KP and pGL‐mRVG‐9R‐
KP complexes to deliver molecules into murine brain cells
up to 20 days after the injection was demonstrated. The
expression of GFP+ cells in mice injected with the mutant
complex decreased by 20% at 20 days in comparison to
mice analyzed at 4 days after the injection. It is necessary to
evaluate the transfection eﬃciency of mRVG‐9R complexes
at more extended periods, as well as the transvascular
delivery of therapeutic molecules to the brain using
mRVG‐9R complex.
Given the transfection eﬃciency of the mRVG‐9R
complex, well demonstrated previously in vitro and in
vivo, as our results show, we decided to continue analyzing
the transfection ability of the mRVG‐9R complex in the
Cell Biol Int 43 (2019) 809–819 © 2019 International Federation for Cell Biology
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Figure 1 mRVG‐9R can deliver DNA molecules to murine cerebral cortex cells and it is maintained at least up to 20 days after injection.
(A) Representative images of GFP expression in murine cerebral cortex transfected with RVG‐9R or mRVG‐9R complexes at 4, and 20 days post‐
surgery. pGL group, animals were injected with plasmid without RVG peptide. Control group, animals with PBS injection (B) Quantiﬁcation of GFP+
cells per ﬁeld in groups transfected with RVG‐9R or mRVG‐9R. (C) Murine cerebral cortex was analyzed by qPCR for the transgene expression. GAPDH
was used for normalization. *P < 0.05, **P < 0.001. Scale bar: 50 µm. GAPDH, glyceraldehyde‐3‐phosphate dehydrogenase; GFP, green ﬂuorescent
protein; mRVG‐9R, mutant rabies virus glycoprotein‐9R peptide; pGL, green lantern plasmid; RVG‐9R, rabies virus glycoprotein‐9R peptide.

regions of interest, to determine the type of glial cell which
showed GFP positivity.

The pGL‐mRVG‐9R‐KP complex can transfect
astrocytes, oligodendrocytes, and microglia of cerebral
cortex and hippocampus
We proceeded to conﬁrm the phenotype of the diﬀerent
cell types that were being transfected by the pGL‐mRVG‐
9R‐KP complex by speciﬁc markers. Mice were injected
with the pGL‐mRVG‐9R‐KP complex in brain cortex and
hippocampus. Animals were sacriﬁced at 4 days after the
injection and diﬀerent CNS glial cell were detected by IF:
astrocytes, oligodendrocytes, and microglia.
For astrocyte detection, the GFP reporter gene expression and its co‐localization with previously labeled cells
with GFAP, astrocyte‐speciﬁc marker, were analyzed.
Figure 4A shows the location of both markers in cortex
Cell Biol Int 43 (2019) 809–819 © 2019 International Federation for Cell Biology

and hippocampus. These results indicate that the pGL
‐mRVG‐9R‐KP complex can transfect cerebral cortex and
hippocampal astrocytes into the murine brain.
For the identiﬁcation of oligodendrocytes, the CNPase
marker, speciﬁc for this cell type, was used. GFP expression and
its co‐localization with CNPase marker were analyzed. Figure
4B shows the co‐location of both markers in the cortex.
Microglia were also analyzed with an antibody speciﬁc for
this cell type (anti‐Iba1), and its co‐localization with GFP in
cortex can be observed in Figure 4C. These results indicate
that the pGL‐mRVG‐9R‐KP complex can also transfect glial
cells, astrocytes, oligodendrocytes, and microglia.

Discussion
In this study, transfection using mRVG‐9R complex to
DNA delivery in diﬀerent brain areas was performed
813
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Figure 2 mRVG‐9R can deliver DNA molecules to murine hippocampal cells and it is maintained at least up to 20 days after injection.
(A) Representative images of GFP expression in murine hippocampus transfected with RVG‐9R or mRVG‐9R at 4, and 20 days after the injection.
Control group, animals with PBS injection. (B) Quantiﬁcation of GFP+ cells per ﬁeld in group transfected with RVG‐9R or mRVG‐9R. (C) Murine
hippocampus was analyzed by qPCR for the reporter gene expression. GAPDH was used for normalization. (D) GFP expression in different
hippocampal regions. ns, non‐signiﬁcant; *P < 0.05, **P < 0.001, ****P < 0.00001. Scale bar: 50 µm. GAPDH, glyceraldehyde‐3‐phosphate
dehydrogenase; GFP, green ﬂuorescent protein; mRVG‐9R, mutant rabies virus glycoprotein‐9R peptide; PBS, phosphate‐buffered saline; qPCR,
quantitative polymerase chain reaction; RVG‐9R, rabies virus glycoprotein‐9R peptide.
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Figure 3 mRVG‐9R can deliver DNA molecules to murine striatum cells and it is maintained at least up to 20 days after injection. (A)
Representative images of GFP expression in murine striatum transfected with RVG‐9R or mRVG‐9R at 4, and 20 days after the injection. Control
group, animals with PBS injection. (B) Quantiﬁcation of GFP+ cells per ﬁeld in groups transfected with RVG‐9R or mRVG‐9R. (C) Cerebral murine
striatum was analyzed by qPCR for the gene reporter expression. GAPDH was used for normalization. ns, non‐signiﬁcant; *P < 0.05, **P < 0.001. Scale
bar: 50 µm. GAPDH, glyceraldehyde‐3‐phosphate dehydrogenase; GFP, green ﬂuorescent protein; mRVG‐9R, mutant rabies virus glycoprotein‐9R
peptide; PBS, phosphate‐buffered saline; qPCR, quantitative polymerase chain reaction; RVG‐9R, rabies virus glycoprotein‐9R peptide.

(cerebral cortex, hippocampus, and striatum). We found
the expression of the reporter gene in all regions of our
interest with great eﬃciency.
Although the delivery of RNA molecules to the brain
with RVG‐9R has already been described (Kumar et al.,
2007), in this study we proved that the modiﬁcation of an
amino acid (mRVG‐9R) is more eﬃcient in the delivery of
charge molecules than the RVG‐9R peptide as we published
previously (Villa‐Cedillo et al., 2017). And now we have
demonstrated its transfection capacity in vivo.
We found similar results when analyzing the expression
of the reporter gene by qPCR and by quantifying the

Cell Biol Int 43 (2019) 809–819 © 2019 International Federation for Cell Biology

number of cells expressing the reporter gene by IHC. These
results do not vary when the highest expression is found at
4 days after the injection with mRVG‐9R.
According to the results of the GFP expression analysis
at 20 days after the injection in the cortex and
hippocampus, we found a signiﬁcant diﬀerence between
mRVG‐9R and RVG‐9R complexes. However, in the
striatum at 20 days, we did not observe a signiﬁcant
diﬀerence between both complexes.
The hippocampus is one of the most aﬀected regions in
neurodegenerative diseases. The hippocampus is among
the ﬁrst regions of the brain to be aﬀected by the
815
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Figure 4 Immunoﬂuorescence microscopy showing GFP expression in astrocytes, oligodendrocytes, and microglia in murine brain. (A) GFP
reporter gene and GFAP (astrocytes) co‐expression in murine cerebral cortex and hippocampus transfected with the pGL‐mRVG‐9R‐KP complex.
(B) GFP reporter gene (red) and CNPase (oligodendrocytes, green) co‐expression in murine cerebral cortex transfected with the pGL‐mRVG‐9R‐KP
complex. (C) GFP reporter gene (red) and anti‐Iba1 (microglia, green) co‐expression in murine cerebral cortex transfected with the pGL‐mRVG‐9R‐KP
complex. Nuclei were stained with DAPI (blue). Scale bar: 50 μm. CNPase, 2′‐3′‐cyclic‐nucleotide‐3′‐phophodiesterase; DAPI, 4′,6‐diamidino‐2‐
phenylindole; GFP, green ﬂuorescent protein; GFAP, glial ﬁbrillary acidic protein; mRVG‐9R, mutant rabies virus glycoprotein‐9R peptide; pGL, green
lantern plasmid; RVG‐9R, rabies virus glycoprotein‐9R peptide.
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pathological processes of Alzheimer’s disease (AD)
(Fujikawa et al., 2017). A series of progressive modiﬁcations in the intercellular communication among neurons,
astrocytes, and microglia occur in the hippocampus (Lana
et al., 2017).
We found expression of the reporter gene in the
hippocampus region when it was injected into the CA1
of the hippocampus. Interestingly, when we injected into
the right ventricle, GFP expression was found in the CA1,
CA3, and DG regions of the hippocampus. Recently, it has
been reported that by stimulating the DG in an animal
model of AD, memory can be restored (Perusini
et al., 2017).
In this study, mRVG‐9R complexes were injected into
the striatum. The striatum is a motor control center and
receives dopaminergic innervation from the substantia
nigra (Bjorklund and Lindvall, 1984). The decision whether
to inject therapeutic vectors in the striatum or in the
substantia nigra in the restoration of the aﬀected
dopaminergic pathway in Parkinson’s disease (PD) is a
crucial aspect in gene therapy (Albert et al., 2017). We
consider, in further studies, to inject mRVG‐9R complex in
this dopaminergic nigrostriatal pathway to deliver therapeutic genes in a PD animal model.
In the cortex, another region of interest where RVG‐9R
complexes were injected, we interestingly found GFP
reporter gene expression in various cell types.
Morphologically, we can infer that gene expression is
present in pyramidal neurons and glia, which, if conﬁrmed,
would be relevant in the context of future gene therapy
involving the mRGV‐9R complex. Some neurodegenerative
diseases, like amyotrophic lateral sclerosis (ALS), are
characterized by a progressive loss of motor neurons in
the cortex, brain stem and spinal cord (Cleveland and
Rothstein, 2001). It has been shown that innervation of the
dopaminergic pathway is reduced in the motor and
prefrontal cortex in PD (Gaspar, et al., 1991), which is an
exciting target in gene therapy.
We found co‐expression in astrocytes of GFAP and the
GFP reporter gene, which indicates that mRVG‐9R can
transfect astrocytes in cortex and hippocampus. As we
know, glial cells have an essential role in the pathogenesis
of neurodegenerative diseases. Hence, we decided to
identify the target cell type of mRVG‐9R complex.
Neurons have always been considered as the fundamental
units of the CNS. Recently, it has become clear that the true
functional organization of the brain is among neuron–astrocyte–microglia intercommunication (Barres, 2008). The
neuronal–astrocyte network has been studied as a possible
therapeutic target in neurodegenerative diseases (Liu, et al.,
2017a, 2017b). Supporting its therapeutic potential is the
fact that diﬀerent reactive states of astrocytes have
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implications in neurodegenerative diseases (Liddelow and
Barres, 2017).
In our previous work, the pGL‐mRVG‐9R‐KP complex
was not capable of transfecting OPCs in vitro but,
interestingly, transfection of oligodendrocytes in the
murine brain was found in this study. This contrast may
be interpreted as OPCs being able to express nAChRs in
the diﬀerentiation phase (Marinelli et al., 2016). However,
nAChR subunits that are capable of binding RVG have not
yet been identiﬁed. It is possible that mRVG‐9R and RVG‐
9R do not bind to all nAChR subunits. Since OPCs are still
in the maturation stage, they do not express the receptor
required for cellular internalization of RVG‐9R complexes.
However, in mature oligodendrocytes, the required receptor is already present in this cell type, and therefore,
RVG‐9R complexes can transfect oligodendrocytes in the
murine brain as we observed in our study. Castañeda‐
Castellanos et al. (2002) observed that rabies virus could
infect cells that do not express nAChRs, such as Schwann
cells and ﬁbroblasts, suggesting that a diﬀerent mechanism
may also be involved in RVG‐9R internalization.
Oligodendrocytes and their progenitors are highly plastic,
and they can to adapt their cellular states according to the
environment. This adaptability contributes to environmental changes that aﬀect neurological and psychiatric
diseases (Dimou and Simons, 2017).
Another cell type where we observed the expression of
the reporter gene is microglia. We detected microglia in
cortex regions of the animals transfected with the mRVG‐
9R complex. Microglia has been linked to neurodegeneration, amyloid β accumulation, tau pathology, and synaptic
loss in AD (Bisht et al., 2018). Recently, the neuroprotective
and neurotoxic role of microglia and monocytes on the
development and state of neurodegenerative diseases has
been described. The inhibition of microglial activation to
ameliorate neurodegeneration, as a pharmaceutical approach, has been proposed (Sugama et al., 2009).
Finally, we detected GFP expression in neurons and glial
cells in the cerebral cortex, striatum, and hippocampus of
the murine brain up to 20 days after the injection.
Analyzing the gene reporter expression at longer times
would be interesting.

Conclusion
In conclusion, our study shows the great potential of the
mRVG‐9R peptide to transfect cells of diﬀerent brain
regions (cerebral cortex, hippocampus, and striatum). We
have also demonstrated that the expression of the reporter
gene is maintained at least up to 20 days after injection in
neurons, astrocytes, oligodendrocytes, and microglia cells.
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Further studies are needed to identify other types of
neurons and explore other regions that could be targeted by
mRVG‐9R. It would be interesting to analyze the ability of
the mRVG‐9R peptide to deliver therapeutic molecules
through the BBB when injecting the complexes intravenously in neurodegenerative models. Also as a perspective,
it would be interesting to analyze other CPPs to compare
the ability with the mRVG‐9R peptide for gene delivery.
Therefore, the observed expression time (up to 20 days)
of the reporter gene confers to the mRVG‐9R peptide a
valuable property to use it as a vector for the delivery of
neurorestorative and neuroprotective genes for neurodegenerative diseases such as PD and AD.
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