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EDITORIAL

Antisense as an explanatory, experimental and therapeutic tool for
psychiatric disorders1

Molecular biology has helped uncover several curiosities in genetic processes relevant to psychiatry.
The latest example of these is antisense. The existence of antisense genes represents another
potential form of genetic regulation, while the manipulation of antisense gene fragments has
considerable experimental and, more speculatively, therapeutic applications. Here, we try to make
sense of antisense and discuss its psychiatric significance.

THE PRINCIPLES OF ANTISENSE

The principles of antisense are best understood in relation to gene expression. Gene expression is
the pathway along which the information encoded by genes on DNA is converted, via an
intermediate called messenger RNA (mRNA), into proteins (see Fig. 1) (Harrison & Pearson, 1989).
Gene expression is controlled by several factors, including those which affect the distribution and
abundance of each mRNA. These factors in turn play a key role in regulating the synthesis of the
encoded protein. Together, these processes ensure that the information contained in our genes is
realized in the proteins required for development and normal functioning (Harrison, 1994).

Two points about the language of the genetic code are relevant for understanding antisense. First,
DNA is double-stranded, with the two entwined strands said to be complementary to each other.
Information coded on a strand of nucleic acid is directional and the complementary strands are
lined up in opposite orientations (called 5' -> 3' and 3' -* 5', see Fig. 1), with the genetic code always
read in the 5' —> 3' direction. The second, crucial, point is that a gene is normally encoded by only
one of the two DNA strands at any given chromosomal location, and the complementary strand
at that point is not used to make mRNA.

This asymmetry of gene expression between the two DNA strands forms the basis for defining
antisense. The term originated in contrast to the strand of DNA or RNA which encodes a protein,
called the sense strand. Antisense genes are those which are located on the strand complementary
to the sense strand, such that both strands of DNA at that point code for proteins. The term
antisense is now used more generally to describe any length of DNA or RNA which is
complementary to a length of coding strand DNA or RNA. Because complementary strands will
always bind (hybridize) to each other given the chance, the presence of an antisense strand in a cell
should, under suitable conditions, lead to a double-stranded nucleic acid being formed. The
significance of this is that double-stranded nucleic acids have very different properties from the
single-stranded form: notably, mRNA cannot be translated or used to synthesize its protein.
Arising from these principles, antisense is predicted to inhibit, or prevent, expression of the
respective sense strand gene (Fig. 1). This, indeed, proves to be the case and has led to a flourishing
research field where the molecular processes, experimental uses and therapeutic potential of
antisense are being investigated (Helene & Toulme, 1990; Weintraub, 1990; Lancet Editorial 1991).

NATURAL AND EXPERIMENTAL ANTISENSE

Antisense genes are relatively common in lower organisms, where they are thought to control gene
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FIG. 1. To make a protein, the gene sequence on chromosomal DNA is first copied into a strand of messenger RNA (mRNA). The
mRNA then moves to the cytoplasm where it attaches to a ribosome (circles) for translation and protein synthesis (path A).
Normally, only one of the two strands of DNA encodes a gene (shown as the box with bold outline) and gives rise to mRNA (bold
line). An antisense gene is one which occurs at the same location on the other DNA strand (box with thin outline). The mRNA arising
from an antisense gene is shown as a thin line (path Bl). Antisense DNA targeted against a mRNA can also be introduced into the
cell experimentally in the form of an oligonucleotide (path B2). From either source, the antisense sequence hybridizes to the target
mRNA because the two are of opposite orientation and complementary to each other (see text). Formation of an antisense-sense
hybrid has several effects that serve to prevent translation of the mRNA and, therefore, stop synthesis of the encoded protein.

expression (Takayama & Inouye, 1990). In higher animals, including humans, antisense genes only
seem to exist as fragments, and they lack some of the features shared by normal (sense) genes. At
least one such antisense gene fragment is expressed in the brain (Adelman et al. 1987; Takayama
& Inouye, 1990; Dolnick, 1993). In addition, there are genes that have a sequence complementary
to a sense gene, or part of it, but which are encoded at a different site in the genome; they, therefore,
cannot be called true antisense genes, but their sequence complementarity suggests they have
antisense-like effects. This phenomenon may be involved in regulation of the prion protein gene
(Moser et al. 1993), the key pathogenic factor in prion diseases (e.g. Creutzfeldt-Jakob disease).
Thus, although the number and biological importance of antisense genes in human brain remains
unclear, these examples illustrate that they exist and may contribute to the genetic regulation of
brain function and its involvement in psychiatric disorders.

The main interest in antisense lies in the development of experimental methods by which antisense
gene fragments can be used to regulate gene expression in the same way that natural antisense genes
are thought to (Fig. 1). One approach is to insert an antisense gene into the genome of cells in
culture or in transgenic animal embryos (Takayama & Inouye, 1990). This technique has been used,
for example, to block the expression and function of the mouse myelin basic protein gene (Katsuki
et al. 1988) and to investigate the functions of the Alzheimer's disease amyloid precursor protein
gene (LeBlanc et al. 1992). However, manipulation of the genome in this way is of limited relevance
for psychiatric disorders, for which temporary and localized inhibition of brain gene expression is
likely to be of greater value. The rest of the discussion therefore refers to antisense inhibition of
mRNA (Fig. 1, pathway B2), which allows this form of control because cells only make a mRNA
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if and when they are synthesizing the protein for which it codes; other cells lack the mRNA and will
be immune to the antisense effect.

It transpires that the antisense inhibition of gene expression requires only a short fragment of
DNA complementary to part of the target mRNA. This finding has greatly helped the experimental
applications of antisense, since short lengths of single-stranded DNA, called oligonucleotides, are
easy to synthesize and use. Initially, it was shown that addition of an antisense oligonucleotide to
a cell culture medium inhibits the expression of that gene in the cells and thereby causes a loss of
function mediated by the encoded protein. For example, the microtubule-associated protein tau is
needed for developing neurons to form neurites (the precursors of axons and dendrites); an
oligonucleotide against tau mRNA prevents them from doing so (Caceres & Kosik, 1990). Many
other genes have had their expression inhibited by antisense oligonucleotides in this way in vitro in
cell culture (e.g. Listerud et al. 1991) and also in brain slices where the physiological consequences
can be tested more clearly (Vanderklish et al. 1992).

Although the promise of gene expression inhibition by antisense oligonucleotides was predicted
on the theoretical grounds of the genetic code mentioned above, its success in practice is quite
surprising. Enzymes which avidly degrade fragments of DNA or RNA occur in all tissues and might
have been expected to destroy the oligonucleotide before it could act. In fact, oligonucleotides are
stable for several hours in cerebrospinal fluid and serum (Akhtar & Juliano, 1992; Whitesell et al.
1993). Also, it was thought that oligonucleotides would be unable to cross the cell membrane and
would have to be injected into a cell directly. However, this has not proved to be the case, a fact
probably explained by the identification of a specific membrane transport protein (Loke et al. 1989)
and supported by the discovery that RNA can be taken up by neurons and transported retrogradely
(Jirikowski et al. 1992).

The mechanism of action of experimental antisense is proposed to be that hybridization of the
oligonucleotide to its target mRNA prevents translation of the mRNA on the ribosome. This results
in degradation of the mRNA by ribonuclease enzymes and prevents synthesis of the protein (Fig.
1). In practice, the success of antisense inhibition is capricious and it is not clear exactly how it
occurs (Helene & Toulme, 1990; Eguchi et al. 1991). For example, the oligonucleotide may enter
the nucleus, where it can impair the formation or maturation of the mRNA. In some ways it does
not matter precisely how the effect is produced as long as the desired specific inhibition of gene
expression results. In the long term, however, a clear understanding of the mechanisms will be
needed before antisense can feasibly be extended to therapeutic roles (see below).

Despite the success of experimental antisense inhibition in vitro being somewhat unexpected and
unexplained, its efficacy has recently led researchers to apply similar methods in rat brain in vivo
(Harrison, 1993). Again, it has proved fruitful. The antisense oligonucleotide is injected into the
lateral ventricle, following which the neurochemical and behavioural consequences are measured.
The first demonstration was to reduce expression of the neuropeptide Yl receptor by over 50%
(Wahlestedt et al. 1993a). The neuropeptide Yl receptor is implicated in neural mechanisms of
anxiety, and its down-regulation by antisense was indeed accompanied by increased anxiety in the
animals. A range of controls confirmed that the effect was due to specific inhibition of this gene.
These data showed that the synthesis of a protein, coded by a specific mRNA, can be inhibited in
the brain and lead to the anticipated loss of the functions mediated by the protein. A second
powerful example of antisense in vivo was the inhibition of synthesis of the NMDA glutamate
receptor (NMDAR1 subunit). This receptor mediates excitotoxicity after brain hypoxia. After
occlusion of the middle cerebral artery, the size of the infarcted brain area was significantly lower
in the antisense treated rats, in parallel with a 50% reduction in NMDA receptor numbers
(Wahlestedt et al. 1993 ft). As a third demonstration of the potential of this approach, the expression
of the D2 dopamine receptor has been suppressed by an antisense oligonucleotide (Weiss et al.
1993). All these experiments produced a similar functional effect as blockade of the receptor with
an antagonist; one major advantage of the antisense approach is that an oligonucleotide can be
designed which is highly unlikely to interfere with any other mRNA, whereas receptor ligands are
rarely wholly specific and often have an undesired affinity for other receptors.
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More spatially discrete effects on gene expression may be possible by putting the antisense directly
into the brain substance. Chiasson and colleagues injected an antisense oligonucleotide into the
striatum and prevented expression of the target gene there but not in the contralateral striatum
(Chiasson et al. 1992). They also showed that the effect was dose-dependent and lasted only a few
hours, confirming the transience of oligonucleotide actions. This form of localized administration
of antisense combines molecular specificity with anatomical selectivity and will contribute to the
pharmacological characterization of individual receptors in different brain areas.

The experimental potential of antisense is apparent from these examples. The data suggest that
it is a specific, reversible and non-toxic way to suppress the expression of a gene in the living brain
and to investigate its biochemical and functional consequences. Issues germane to neuro-
development, neurotoxicity, disease pathogenesis, and psychotropic drug mechanisms are all
candidates for study in this way. It represents a simple form of selective genetic manipulation which
complements that of transgenic animals and other methods for modifying neuronal gene expression
such as gene transfer. Together these techniques provide a range of powerful ways to investigate and
modify brain function, and they will have a major impact on both basic and clinical neurosciences
(Neve, 1993).

THERAPEUTIC POTENTIAL OF ANTISENSE

The molecular specificity of antisense oligonucleo tides and the reversible nature of their effects make
them ideal candidates for a new type of drug. The demonstration that cerebral infarct size is reduced
by inhibiting NMDA receptor synthesis is an obvious example of their therapeutic potential
(Wahlestedt et al. 1993&). Other areas showing promise include suppression of HIV gene expression
(Leonetti et al. 1990) and inhibition of oncogenes, which are involved in the pathogenesis of cancers
and other disease processes (Cohen, 1992; Simons et al. 1992).

Novel psychotropic agents can be envisaged based on the same antisense principles. For example,
selective reduction of D4 dopamine receptor expression could produce a clozapine-like
antipsychotic, since this drug has been proposed to act primarily by antagonism at the D4 dopamine
receptor (Van Tol et al. 1991), while antisense suppression of the prion protein gene might slow the
onset or progression of prion disease (Prusiner, 1992). In disorders due to an autosomal dominant
mutation, the antisense oligonucleotide could be designed to be complementary only to the
abnormal form of the mRNA, leaving the mRNA arising from the normal copy of the gene
(inherited from the other parent) unaffected (Chang et al. 1991). There are undoubtedly many
unresolved clinical issues of pharmacodynamics, pharmacokinetics, reliability and toxicity; there
are also lingering doubts about the validity of some antisense findings which must be overcome by
replication and extension of the current data (Stein & Cheng, 1993; Wagner et al. 1993). One of the
main problems relevant to psychiatric applications is likely to be finding a feasible method for
getting intact and stable antisense molecules into the brain. In practice, it will be necessary to give
the oligonucleotide in a form which allows intravenous or even intramuscular injection; such
manoeuvres might include packaging it in liposomes which can be targeted to specific cell
populations (Leonetti et al. 1990; Zhu et al. 1993). Chemical modifications of the oligonucleotide
are valuable for increasing its half-life but may compromise its cellular uptake or molecular
specificity (Akhtar & Juliano, 1992; Khan & Coulson, 1993; Whitesell et al. 1993). Drug companies
are already taking an interest in tackling these issues (Moffat, 1991). In the meantime, neuroscientists
continue to explore the uses of antisense in understanding brain function through the modulation
of gene expression, while molecular biologists investigate the occurrence of antisense genes and
clarify exactly how the effects of natural and experimental antisense are produced.

PAUL J. HARRISON AND PHILIP W. J. BURNET
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