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A B S T R A C T

Accurate and timely expression of specific genes guarantees the healthy development and function of the brain.
Indeed, variations in the correct amount or timing of gene expression lead to improper development and/or
pathological conditions. Almost forty years after the first successful gene transfection in in vitro cell cultures, it is
currently possible to regulate gene expression in an area-specific manner at any step of central nervous system
development and in adulthood in experimental animals in vivo, even overcoming the very poor accessibility of
the brain. Here, we will review the diverse approaches for acute gene transfer in vivo, highlighting their ad-
vantages and disadvantages with respect to the efficiency and specificity of transfection as well as to brain
accessibility. In particular, we will present well-established chemical, physical and virus-based approaches
suitable for different animal models, pointing out their current and future possible applications in basic and
translational research as well as in gene therapy.

1. Introduction

Proper development of the central nervous system (CNS) determines
its function and consequent behaviors. Accordingly, numerous gene
alterations during development lead to brain disorders characterized by
a variety of abnormal behaviors, often depending on which brain area is
mostly affected. On the other hand, gene alterations during adulthood
may also lead to a variety of brain-related diseases and neurodegen-
erative disorders that vary in their symptoms, depending on the af-
fected brain areas. This complexity highlights the need for temporal and
spatial regulation of specific genes for proper brain function.
Accordingly, the development of reliable techniques for gene transfec-
tion in vivo has recently attracted the attention of an increasing number
of researchers as a means to study and understand the roles of the

diverse genes underlying the basic mechanisms of CNS development
and function (basic research) and to study genes involved in CNS dis-
orders to find new possible treatments (translational research). In
particular, in recent years, basic research has benefited from new tools
for gene editing (e.g., CRISPR-Cas9 technology; Ahmad et al., 2018) and
neuronal-activity modulation (optogenetics and chemogenetics;
Dobrzanski and Kossut, 2017; Towne and Thompson, 2016), which
both need to be coupled to a nucleic acid delivery system. For trans-
lational research, a fast-growing field of study focuses on the possibility
of treating CNS disorders by manipulating gene expression (gene
therapy) rather than by classical pharmacology, which has proven
highly ineffective in the last 10 years (Gribkoff and Kaczmarek, 2017).
Thus, regardless of the final application, the development of novel
methods for modulating gene expression in vivo has acquired increasing
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importance in recent years. This modulation can be achieved either by
the generation of genetically modified animals or by acute procedures
for gene expression modulation. Here, we will only review the latter.

Generally, an acute modulation of gene expression requires a
transfection or transduction process (i.e., a procedure that introduces
foreign nucleic acids, such as DNA/RNA, into a cell) to produce ge-
netically modified cells or organisms by nonviral or viral methods, re-
spectively. Indeed, many molecules, such as nucleic acids and certain
drugs, are not able to diffuse through the lipophilic cell membrane due
to their physicochemical properties (e.g., hydrophilicity, charge) and/or
size. Thus, the support of specific carriers or chemical/physical stimu-
lation is often necessary to increase the efficiency of the transfection
process.

Although highly efficient, acute introduction of DNA into mamma-
lian cells in vitro was achieved a long time ago (Graham and van der Eb,
1973), for the last four decades, scientists have struggled to increase the
efficiency of this process in vivo (Crystal, 2014). For example, circu-
lating nucleic acids for transfection have a very short half-life in vivo
because they are degraded by circulating nucleases in the blood.
Moreover, targeting specific organs and cell types at discrete times is
generally challenging in vivo and is particularly difficult in the case of
the brain for a number of reasons. First, the brain is an isolated, in-
accessible environment due to the presence of the skull and the blood-
brain barrier (BBB), which separates circulating blood from the brain’s
extracellular fluid. Second, the brain contains several different areas
that are each characterized by specific functions, rendering area-spe-
cific transfection crucial in this organ. Third, the CNS contains hun-
dreds of billions of neuronal and glial cells characterized by high di-
versity (e.g., even among neurons, there is a wide variety of diverse
types with diverse functions). Finally, neurons are postmitotic cells that
do not divide, requiring a cell cycle-independent introduction of genetic
material.

Since almost ninety-five percent of the animals used in research are
mice and rats (Badyal and Desai, 2014), we will focus this review on
rodents. For a long time, the dominant approach for acute gene transfer
in vivo in rodents was the design of different viral vectors with in-
creasingly higher efficiency of transfection and tissue specificity (see
viral methods below). Nevertheless, due to limitations related to the
safety of viral gene transfer, many physical strategies have also been
adopted, such as electroporation and sonoporation (see physical
methods below). However, physical methods require strong conditions
(e.g., strong electric field or ultrasound) for efficient transfection, and
thus a range of synthetic carriers for nucleic acids suited for chemical
transfection have also been created (see chemical methods below; Yin
et al., 2014). In recent years, different methods have also been com-
bined (e.g., physical and chemical methods or viruses and physical
methods) to try to overcome the shortcomings of one method vs the
other while taking advantage of the positive features of both.

In this review, we describe the currently available methods for the
delivery of nucleic acids to the CNS in vivo. First, we focus on chemical
methods, which include a wide selection of nucleic acid carriers that
allow crossing of the cell membrane. Second, we describe physical
methods, which take advantage of physical forces to increase mem-
brane permeability and possibly direct nucleic acids to the desired lo-
cation. Third, we address viral-based techniques, which explore the
intrinsic transfection ability of viruses. Interestingly, all of the described
techniques are very different, but they each present some level of
overlap, creating a great portfolio to choose from when designing di-
verse experiments with gene transfer in vivo. Here, we will note the
advantages and disadvantages of each described method and will in-
dicate their best-suited applications.

2. Chemical methods for transfection

Chemical methods of transfection are a set of techniques that rely on
external carriers characterized by specific chemical properties that areTa
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