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Gene Therapy for Psychiatric Disorders

Robert M. Sapolsky, Ph.D. There has been tremendous progress in
developing techniques for manipulating
genetic material, and the birth of gene
therapy as a discipline has been one con-
sequence of this. Most considerations of
gene therapy in the nervous system have
focused on attempts to transfer novel
genes in for the purpose of protecting
neurons from neurological insults. In this
review, the author considers the progress
in that field and the possible application
of related gene therapy approaches to the
far more difficult task of buffering against
a psychiatric disorder. As an emphasis,
the author reviews how the biology of
psychiatric disorders is so often one of
vulnerability to particular environments.

Because of this context dependency, it
would be likely that many possible gene
therapeutic interventions would need to
be context dependent as well. Thus, the
author considers the plausibility of devel-
oping gene vector therapies that use con-
ditional expression systems, in particular
ones whose expression would be induced
by the same environmental perturbations
that exacerbate psychiatric symptoms
themselves. In particular, the author con-
siders the role of stress as a predisposing
factor in certain psychiatric disorders and
the ways in which stress signals can be
harnessed as inducers of conditional ex-
pression systems in gene therapy.

(Am J Psychiatry 2003; 160:208–220)

Depending on the particular landmark discovery des-
ignated, we are now approximately half a century into the
biological revolution in psychiatry, one that ushered in the
generally held belief that psychiatric disorders cannot be
fully understood outside of the context of biology. This
revolution has greatly shaped the content of a journal such
as this, filling its pages with reports concerning neu-
rotransmitters, hormones, receptors, and both structural
and functional neuroanatomy. It also has given rise to tre-
mendous interest in genetic makeup as a predisposing
factor toward psychiatric disorders.

This interest in genetics has been fueled by the vast
influx of genetic data, with the sequence of the human
genome as the crowning achievement. It has also been
prompted by the emergence of techniques for manipulat-
ing biological events at the genomic level. Genetic tech-
niques used in experimental animals, allowing for trans-
genic overexpression of genes (including tissue-specific
overexpression) and for knocking out the expression of en-
dogenous genes, provide extraordinarily powerful heuris-
tic tools for understanding the functions of particular
genes. (Many readers will not be familiar with some of the
molecular terms used in this review. Appendix 1 contains a
glossary of such terms, including “transgenic animal” and
“knockout” from the preceding sentence. Throughout the
review, terms in the glossary are indicated.) But these tech-
niques have also raised the possibility of therapeutic ma-
nipulation of genomic events. Such “gene therapy” can
designate at least two different types of interventions. In
the first, a genetic alteration is made in the germ line. In the
second, the subject of this review, a novel transgene (de-

fined in Appendix 1) is transiently overexpressed in partic-
ular cells, with the goal of such gene transfer to protect the
cells in some manner.

There has been an explosion of interest in such gene
therapy, giving rise to a number of specialized journals
(e.g., Gene Therapy, Human Gene Therapy) and societies.
Within the realm of neuroscience, work to date has fo-
cused on the application of gene therapy to neurological
disorders, namely the slow neurodegenerative diseases
and the acute necrotic neurological insults. There has
been considerable progress in that arena, with a large pre-
clinical literature now extant and the first clinical trials
taking place.

It is that progress that motivates the present review. Un-
derstanding the reductive bases of psychiatric disorders is
a far more subtle and difficult challenge than understand-
ing the reductive bases of neurological ones. This review
considers whether gene therapy in the nervous system has
matured to the point at which it can start to be brought to
bear on psychiatric disorders. Although gene therapy is
unlikely to be applicable to psychiatry in clinical settings
for some time to come, it is hoped that this review will
demonstrate that the approach can be quite useful in pre-
clinical studies.

Gene Therapy in the Nervous System

In the broadest sense, the goal in gene therapy is to
transfer genes in that will have some salutary effect on cel-
lular function. This review will shortly discuss what form
such interventions have taken in the neurological realm
and what form they might take in the psychiatric one, and
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it is worth initially discussing features of gene therapy in
the nervous system, independent of the actual genes
transferred.

The predominant challenge in this field is to find effec-
tive vectors for transferring such genes into the nervous
system. The reasons for this being challenging are numer-
ous. First and most important, neurons in the adult brain
are primarily postmitotic (defined in Appendix 1), and
some of the most effective gene therapy vectors (for exam-
ple, modified retroviruses) work by integrating their trans-
genes into the host DNA during cell division (reviewed in
reference 1). Thus, one is quite limited in the range of vec-
tors available. Second, the brain is far less accessible than
most other organs, making for difficulties in delivering
vector in sufficient quantities. Next, as attested to by the
size of neuroanatomy texts, the brain is immensely heter-
ogeneous. One consequence of this is a greater demand
for anatomic accuracy in the delivery of vectors. A second,
less obvious difficulty is that certain gene transfer vectors
more readily infect certain neuron types than others (2).
Finally, because of their size, elongated morphology, and
atypically high metabolic demands, neurons are fragile
cells. As a result, some gene transfer techniques (e.g., elec-
troporation or high-pressure injection of DNA with “gene
guns”) are more likely to damage neurons than other cell
types (3).

Because of these issues, most gene therapy studies in
the nervous system have made use of one of three ap-
proaches. In the first (Figure 1), cells (typically fibroblasts)
can be removed from the body, genetically modified ex
vivo with a retrovirus, and then transplanted into the ner-
vous system (compare with reference 4). As an example of
this approach, a first gene therapy trial is currently being
conducted in which fibroblasts engineered to secrete
growth factors have been implanted into the brains of Alz-
heimer’s patients (Tuscinski, personal communication,
2002).

A second approach (Figure 2) is to incorporate DNA into
liposomes, whose lipid-rich coat can readily merge with
cell membranes, allowing entry of the DNA (e.g., reference

5). In elaborations on this, the liposomal coat can be
formed with agents that actively promote fusion with cell
membranes, or it can be formed with ligands for cell sur-
face receptors, facilitating endocytosis (defined in Appen-
dix 1) of the DNA (e.g., reference 6).

The third approach (Figure 3) uses vectors derived from
neurotropic viruses (defined in Appendix 1) that are able
to infect postmitotic cells. These include herpes simplex
virus 1, adenovirus, adeno-associated virus, and lentivi-
ruses. The basic strategy with such viruses is to 1) remove
endogenous viral genes that could lead to damaging repli-
cation, 2) retain viral genes essential for infection and viral
gene transcription, and 3) insert novel transgenic DNA.

The use of viral vectors has been the more common
technique in the field and merits some review. There is no
obvious virus that constitutes the ideal. Instead, viruses
differ in their advantages and drawbacks. Virally derived
vectors differ as to how much DNA they can transfer (with
herpes simplex virus 1 having the largest capacity), dura-
tion of expression (with lentiviruses producing the longest
and herpes simplex virus 1 the shortest), how quickly they
express (with herpes simplex virus 1 being the most rapid),
and how much inflammation they cause (with early ver-
sions of adenoviral vectors being particularly problematic).
In addition, thanks to a detailed understanding of the func-
tioning of many genes in these viruses, hybrid vectors have
been constructed. This allows one to combine the advanta-
geous traits of different viral vectors. For example, herpes
simplex virus 1/adenovirus hybrids have been constructed
that combine the long-term expression of the latter with
the DNA packaging capacity of the former (7).

Even within a single viral class, there are options as to
the type of vector used. For example, vectors derived from
herpes simplex virus 1 can be of the recombinant type, a
top-down approach in which recombination (defined in
Appendix 1) is used to strip herpes simplex virus 1 of the
minimal number of genes needed to make the vector safe

FIGURE 1. Schematic of Ex Vivo Gene Therapya

a Step 1: Fibroblasts are taken from the individual. Step 2: They are
engineered to express the protective transgene. Step 3: The altered
fibroblasts are transplanted into the relevant brain region.
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FIGURE 2. Schematic of Gene Therapy With Liposomesa

a Step 1: A protective transgene is encased in a liposomal shell. Step
2: It is introduced into the nervous system. Step 3: The liposome
shell merges with the plasma membrane of the target neuron, re-
leasing the transgene into the cell.
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and incapable of replication. In contrast, herpes simplex
virus 1 vectors can also be of the amplicon type, a bottom-
up approach in which the minimal number of herpes
simplex virus 1 genes needed for infection and transcrip-
tion are added to a benign bacterial plasmid (defined in

Appendix 1), which is then packaged into a herpes simplex
virus 1 viral shell (Figure 4). These two types of vectors dif-
fer in their potency of expression, their cytopathicity (with
a basic trade-off between the two), and their ease of gener-
ation (8). As another example, versions of adenoviral vec-
tors have been generated that differ as to the number of
endogenous viral genes deleted; “gutless” adenoviral vec-
tors represent the current extreme of truncating the viral
genome (9). These modifications have been prompted by
the inflammatory tendency of adenovirus.

Once generated, vectors can be delivered to target neu-
rons through a number of routes. The most common in
preclinical studies has been microinfusion of the vector
directly into brain tissue, from whence the vector infects
nearby neurons and glia (with viral vectors differing in
their preference for one cell type over the other) (e.g., ref-
erence 10). While this allows very local targeting, the draw-
backs are that this requires stereotaxic surgery and that
vectors spread only minimal distances from injection
sites. Another route is to infuse vectors into the ventricles.
The obvious advantages here are easier and more diffuse
delivery. As a drawback, the vector does not penetrate far
from the ventricles, limiting the usefulness of this ap-
proach for distant brain regions. Even more important, in
this approach, it is typically the ependymal cells bordering
the ventricles that are infected rather than the neurons.
Thus, one is restricted to delivering transgenes whose pro-
tein products are secreted and work extracellularly rather
than within neurons. This approach has been successful
in overexpressing some anti-inflammatory agents to de-
crease neurotoxicity after necrotic insults (11, 12). To date,
there have been few successes with what would initially

FIGURE 3. Schematic of Gene Therapy With Viral Vectorsa

a Step 1: A protective transgene is incorporated into the genome of a virus that has been genetically engineered so as not to express the dam-
aging genes involved in replication. Step 2: The recombinant DNA is then encased in a viral coat, forming a viral vector. Step 3: The vector is
introduced into the nervous system, where it is then endocytosed into target cells (taking advantage of the natural mechanisms of the virus
for such infection). Step 4: DNA is released into the target cell. Step 5: DNA is translocated to the nucleus. With some viral genomes used as
vectors, this DNA incorporates into the host DNA; in other cases, it does not. Step 6: The viral DNA is expressed, producing the protective pro-
tein. Because of the way in which the virus was originally engineered, there is no expression of viral protein and no viral replication.
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FIGURE 4. Schematic Diagram of a Typical Amplicona

a The transcriptional unit in the amplicon is represented by the pro-
moter, the gene of interest, and a polyadenylation signal. The two
sequences from herpes simplex virus 1 (the oris and the “a” se-
quences) provide the necessary signals for replication and packag-
ing of the DNA into a viral shell. The prokaryotic sequences usually
contain a bacterial origin of replication.
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seem to be a far easier approach of delivering vector by
means of the circulation because of the difficulties in vec-
tors passing through the blood-brain barrier. In a recent
exception (13), the surfaces of liposomes were modified to
contain antibodies against the transferrin receptor. The li-
posome was shown to then interact with such receptors,
found on endothelial cells of the blood-brain barrier, trig-
gering receptor-mediated transfer of the vectors across
the barrier.

These represent some of the most common techniques
for introducing novel DNA into the nervous system. As a
promising elaboration on them, there have been reports
of expressing multiple transgenes. This can be accom-
plished by infecting with multiple vectors (e.g., reference
14) or with a vector expressing multiple transgenes (e.g.,
reference 15). As an example of the potential benefits of
this ambitious approach, in a rodent model of Parkinson’s
disease, overexpression of both a growth factor and an in-
hibitor of programmed cell death was more protective
than either alone (16).

One problem is that viral vectors infect only a subset of
neurons and glia in the field of spread from their site of de-

livery. Thus, one must often develop means for document-
ing which cells have been infected in order to document
the efficacy of some therapeutic intervention. A solution is
to construct vectors that, in addition to expressing the
transgene under consideration, also express a “reporter
gene”—one whose protein product does not alter cellular
function but can be used as a marker of successful expres-
sion. Such reporter genes include the E. coli gene beta-
galactosidase, whose protein product produces a blue sig-
nal in the presence of a particular chromogenic substrate
(Figure 5). Other reporter genes express proteins that fluo-
resce a particular color at a certain wavelength; thus, ex-
posing a tissue section to that wavelength of light will re-
veal which cells have been successfully infected. One
challenge in the realm of reporter genes is to find one that
is not so large that it precludes the inclusion of the trans-
gene under study. A second is to ensure that expression of
the reporter and transgene are coupled tightly enough so
that the detectable expression of the former is truly reli-
able as an indicator of expression of the latter. One solu-
tion to that is to construct a gene that makes a fusion pro-
tein, a combination of the transgene under study with a

FIGURE 5. Representative Photomicrograph Showing the Extent of Infection With a Herpes Simplex Virus 1 Amplicon Vector,
as Assessed by Detection of Reporter Gene Injected Near the Dorsal Blade of the Dentate Gyrus in the Rat Hippocampusa

a Figure courtesy of Dr. Theodore Dumas.
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tail consisting of a reporter protein (17). This ensures
100% covariance between transgene and reporter; as a
drawback, one must then initially document that the fu-
sion protein functions as does the original transgene
(which is difficult to answer when the function of the
transgene is the rationale for the study in the first place).

Reporter genes are also essential in constructing appro-
priate controls for gene therapy studies. No matter how
benign and minimal a viral vector is used, there is still the
potential that viral infection itself, independent of the
transgene expressed, will alter function of the host cell in
some significant manner. Thus, the most typical control
used in the field has become a vector expressing the same
reporter gene but without the transgene in question; in
that circumstance, care must be taken to ensure that
roughly equal titers of the experimental and control vector
are used.

A measure of the importance of reporter genes is seen in
studies using gene therapy strategies to decrease neuron
loss after experimental infarct due to occlusion of the mid-
dle cerebral artery. This produces a large field of damage
in the region of the striatum, and few gene therapeutic in-
terventions have even come close to being sufficiently
successful as to decrease overall infarct volume. This is be-
cause the volume of tissue infected by viral vectors is
vastly less than the volume of the infarct. Thus, rather than
asking whether a particular intervention decreases infarct
volume, the inclusion of a reporter gene allows one to in-
stead ask whether more cells infected with the experimen-
tal vector survive the infarct than do cells infected with the
control vector (18).

This broad overview now allows us to consider the issue
of which transgenes are expressed. More technical reviews
of vector issues in neuronal gene therapy are available
elsewhere (1, 2, 8, 19).

Gene Therapy Against 
Neurological Insults

As noted, there have been some striking preclinical suc-
cesses in gene therapy against neurological diseases and
insults, and they are worth reviewing as a prelude to con-
sidering gene therapy in the more difficult realm of psy-
chiatric disorders.

Gene therapy against a neurological insult can be con-
ceptualized as accomplishing one of two things. The first
would be to enhance a cellular process that increases the
likelihood of neuronal survival. One version of this would
be to replace an endogenous factor that is lost for congen-
ital or environmental reasons. An archetypal example of
that would be gene therapeutic replacement of a missing
enzyme in a lipid storage disease, as shown in a mouse
model of Fabry disease (20). Another version would be to
boost some endogenous process. Neurons are not pas-
sively assailed by neurological insults; instead, there is an
array of neuronal defenses that are mobilized in response

to injury (21), and an approach can be to identify a key de-
fense and attempt to bolster it. As an example, after both
ischemic and excitotoxic insults, neurons up-regulate the
expression and activity of various antioxidant enzymes in
an attempt to contain the oxygen radicals being generated
(e.g., references 22, 23). As such, one possible intervention
is to use a gene therapy approach to further overexpress
those antioxidants (24, 25). In addition to the enhance-
ment approaches of overexpressing “more of what is there”
or “more of what would normally be there,” one can en-
hance function by creating protective pathways that are
completely novel to the mammalian nervous system. As a
speculative example, extremophiles are species, typically
invertebrates, that live at extremes of temperature, oxygen
pressure, pH, and so on and presumably have evolved ge-
nomic adaptations for dealing with such environmental
challenges. This raises the potential of then harnessing
such mechanisms for dealing with, for example, the ex-
tremely low oxygen pressure of a hypoxic-ischemic insult
to a mammalian neuron.

Conceptually, the other broad gene therapeutic ap-
proach for neurological insults is to inhibit a cellular pro-
cess that helps mediate damage. This requires insight as to
the molecules that mediate damaging events, such as oxy-
gen radical generation, cytoskeletal degradation, or the
DNA fragmentation of programmed cell death. One thera-
peutic strategy is to express a protein that inhibits such a
process. For example, a number of studies have shown
neuroprotection with overexpression of inhibitors of pro-
grammed cell death (e.g., references 26, 27). A second ap-
proach is to follow an antisense strategy, expressing a
stretch of mRNA that is antisense to that coding for an en-
dogenous, endangering factor. The two then combine,
leading to unnaturally double-stranded RNA, blocking
protein translation (e.g., reference 28).

With these varied approaches, there have now been nu-
merous reports of protection against neurological insults
with gene therapy strategies. A number of studies have
also targeted the slow neurodegenerative insults. Best
studied have been models of Parkinson’s disease in both
rodents and nonhuman primates. These have reported
sparing of neuron number, an enhancement of dopamin-
ergic transmission, and/or maintenance of motor func-
tion with overexpression of neurotrophins, inhibitors of
programmed cell death, or tyrosine hydroxylase (reviewed
in references 29, 30).

A body of studies has targeted the necrotic neuron
death that results from hypoxia-ischemia, seizure, or hy-
poglycemia. All have focused on the central cascade of
events mediating such neuron death. As a first step, this
cascade involves an excess of the excitatory neurotrans-
mitter glutamate accumulating in the synapse, both be-
cause of excessive release into the synapse and energy-re-
lated failure of glutamate removal from the synapse. Next,
such excessive glutamatergic excitation leads to a patho-
logical accumulation of calcium in the cytosol of the
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postsynaptic neuron. This involves both an excess entry of
calcium into the cytosolic pool and failure of the costly
task of calcium sequestration and extrusion. This calcium
excess leads to promiscuous overactivation of calcium-de-
pendent processes, resulting in cytoskeletal degradation,
protein misfolding, aggregation, and, as arguably the key
pathogenic event, generation of oxygen radicals. These
derangements lead to necrotic neuron death and second-
ary inflammatory injury in the region. In a small subset of
neurons, oxygen radical accumulation serves as a trigger
for an alternative death pathway, namely apoptosis, a sub-
type of programmed cell death that does not trigger in-
flammation (reviewed in reference 31).

Various transgenes delivered by means of viral vectors
have been reported to protect against necrotic insults. Ef-
ficacious approaches have included overexpression of a
glucose transporter in order to bolster neuronal and glial
energetics during an insult, a calcium-binding protein to
sequester excess calcium, and heat shock proteins to
counter protein misfolding, antioxidant enzymes, apopto-
sis inhibitors, or anti-inflammatory proteins (reviewed in
reference 32).

In these studies, the endpoint has typically been whether
there is a decrease in lesion size and/or in the number of
dead neurons. Some have investigated the biochemical
steps mediating any such protection. It is worth reviewing
one example of this as a model for what would need to be
done in targeting a psychiatric disorder. One of the most
detailed examples documented concerns overexpression
of the Glut-1 glucose transporter. The rationale for its use
was the fact that necrotic insults ultimately represent en-
ergy crises, either impairing the capacity of neurons to
generate adequate energy (as in hypoxia-ischemia or hy-
poglycemia) or pathologically consuming energy (as in
prolonged seizure) (10). Moreover, as noted, key media-
tors of neuron death after necrotic insults involve energy
depletion in that the costly tasks of high-affinity glutamate
removal from the synapse or calcium removal from the cy-
tosol fail. Thus, this prompted overexpression of a glucose
transporter, and this strategy has been shown to protect
against a variety of necrotic insults, both in vitro and in ro-
dents in vivo (reviewed in reference 32). As a first, most
proximal endpoint that must be demonstrated to make
sense of such protection, one would need to show that its
overexpression does indeed lead to higher levels of glu-
cose uptake in infected cells. This has been shown both in
vitro and in vivo (33). A next step is the demonstration that
this results in the buffering of energy stores (e.g., ATP lev-
els) and cellular metabolism during an insult (10, 34).
Next, it is critical to demonstrate that this results in en-
hancement of energy-dependent neuronal defenses, such
as glutamate uptake and calcium extrusion (34). Given
this sequence of findings, it is then not surprising to see
that neuron death is also decreased. Such a stepwise ap-
proach is useful. If the intervening steps between overex-
pression of transgene and altered rates of neuron death

are observed as anticipated, this serves as an internal con-
trol for our knowledge of the underlying biology. And in
contrast, if something unanticipated is observed (for ex-
ample, if overexpression of a glucose transporter were
found to decrease neuron death but not to alter glucose
transport), this may be of considerable heuristic value.

Two additional steps are needed in documenting the ef-
ficacy of a certain gene therapy, such as the overexpression
of the glucose transporter. In most cases, necrotic neuro-
logical insults occur without warning, meaning that gene
therapy (in whatever incarnation might be of clinical use)
would often need to be initiated after the insult rather
than in anticipation of it. Thus, it becomes important to
demonstrate whether there is a postinsult window of op-
portunity in which overexpression of the glucose trans-
porter is still protective. For rodent models of necrotic in-
sults, it appears that the vector must be introduced within
a few hours (compare with reference 18). As the second
step, little is gained if a neuron, spared from death caused
by a necrotic insult, nonetheless is so damaged as to fail to
function. Thus, it is critical to demonstrate sparing of
function. This has been shown on both the behavioral and
electrophysiological levels with overexpression of the glu-
cose transporter, in contrast to some gene therapy strate-
gies that have targeted later steps in this cascade of neu-
ron death and failed to spare function (35–37).

From this brief overview of progress in the neurological
realm, we can now consider application of these same ap-
proaches to psychiatric disorders.

Gene Therapy Against 
Psychiatric Disorders

A necrotic neurological insult, such as global ischemia, is
the antithesis of subtlety. Life-or-death decisions are
played out in vast numbers of neurons over the course of
hours, driven by order-of-magnitude changes in rates of
events (e.g., neurotransmitter release and reuptake) and in
levels of key molecules (neurotransmitters, ions, and reac-
tive oxygen species). Given the severity of this scenario,
there can be a fair degree of tolerance of side effects of a
particular gene therapy intervention. For example, overex-
pression of the calcium-binding protein calbindin D28K
can be deleterious, disrupting synaptic plasticity in healthy
hippocampal neurons (38). Nonetheless, such transient
disruption seems acceptable in the context of a massive
necrotic insult, given the neuroprotective effects of tran-
sient overexpression of calbindin D28K against such an in-
sult (39–41).

In contrast, the biology of a psychiatric disorder is in-
trinsically subtler than that of global ischemia, a grand
mal seizure, or concussive head trauma. As a first ques-
tion, can genes be transferred into enough neurons to ac-
tually alter a behavioral phenotype and can that alteration
be detected amid the background of any side effects of the
gene transfer?
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This appears to be possible. As a first example, Mar-
tinez-Serrano and Bjorklund (42) used the ex vivo gene
transfer approach (defined in Appendix 1) with immortal-
ized neural progenitor cells engineered to overexpress and
secrete nerve growth factor. Such cells were transplanted
into the nucleus basalis and septum of middle-aged rats.
Remarkably, this led to enhanced spatial learning in old
age in these animals.

As a second example, aspects of addictive behavior have
also been altered with gene transfer. One central feature of
the neurobiology of addiction is the role of dopaminergic
reward pathways. Overexpression of the dopamine signal
transduction molecule CREB (by means of microinjection
of a herpes simplex virus 1 vector into the nucleus accum-
bens) decreased the reward properties of cocaine (43). An-
other more recent theme in addiction biology has been
the role of synaptic plasticity in reward pathways in bring-
ing about context-dependent addiction (44). The neu-
rotransmitter glutamate is central to such plasticity, and
overexpression of glutamate receptor subunits can induce
sensitization to morphine (45).

A third example concerns reproductive behavior. Many
rodent species, such as prairie voles, are monogamous, in
which repeated mating between a male and a female brings
about the formation of a stable pair bond between them.
Vasopressin plays a key role in mediating the emergence of
monogamy in males of such species. Recent fascinating
work demonstrates that overexpression of the V1a vaso-
pressin receptor in the ventral pallial region (by means of an
AAV vector) accelerates the emergence of such monogamy
(46) (readers will no doubt differ in their opinions as to
whether this constitutes a case of gene transfer altering nor-
mative behavior or of gene therapy correcting pathology).

Thus, gene transfer techniques have reached the point
of being capable of altering a behavioral phenotype. As we
now consider psychiatric disorders, it initially seems
rather straightforward to apply some of the approaches
used against neurological insults. As a potential example
of the strategy of enhancing some intrinsic process, one
might overexpress a benzodiazepine receptor to amelio-
rate anxiety. As a potential example of the inhibitory ap-
proach meant to counter some overactive intrinsic pro-
cess, one might counter schizophrenia by expressing
antisense against a dopamine receptor.

This is obviously vastly simplistic, and a key question is
when would it be desirable to express a particular trans-
gene. This ushers in the central point of this review. If one
were forced to encapsulate the biology of psychiatric dis-
orders in a single phrase, a plausible candidate would be
“biological vulnerability.” From the first moment that
those touched by psychiatric disorders assimilate a bio-
logical model involving genes, the critical concept that
must be emphasized endlessly is that the biology of psy-
chiatric disorders is not about inevitability but is instead
about vulnerability and propensity. It is only in certain en-
vironments that the disease is likely to emerge.

Stated more abstractly, many psychiatric disorders have
contingent qualities, experiential “if-then” clauses, ex-
plaining their emergence. As an obviously simplistic ex-
ample, “If you were abandoned by a critical loved one in
your childhood, then the likelihood of your concluding
that no one will ever love you increases.” Or, “If you are
subjected to repeated aversive circumstances of lack of
control, then you become more likely to overgeneralize
this to a global state of learned helplessness.” Or, “If you
are exposed to a major trauma in a circumstance that you
had assumed to be safe, then you become more likely to
decide that there are never reliable safety signals and all
circumstances demand a vigilant anxiety.” The actual if-
then clauses involved seem to be more sophisticated than
this, involving what neurobiologists term “coincidence
detectors” of an “if A and B, then X” form. For example,
significantly more predictive power is attained by switch-
ing from the simple if-then clause of, “If you are exposed
to a stressful life event, then your risk of depression in-
creases,” to the more complex, “If you are exposed to a
stressful life event and you have a low sense of self-effi-
cacy, then your risk of depression increases” (47).

If the biological predisposition toward a psychiatric dis-
order is more likely to emerge in certain circumstances,
then gene therapy is more likely to be needed in certain
circumstances. The bulk of viral vectors studied in the ner-
vous system to date have been constitutive (defined in Ap-
pendix 1) (which is to say that transcription commences
immediately after infection). Is it possible to construct
vector systems that are inducible (defined in Appendix 1),
whose expression is contingent upon the same events that
increase the risk of psychiatric disease?

In beginning to understand how this can be the case, it
is important to appreciate how the genome represents an
informational system of if-then clauses. As is textbook
knowledge, the vast majority of DNA does not code for
genes that produce proteins. Instead, large proportions of
nontranscribed DNA are made up of the promoter se-
quences (defined in Appendix 1) that regulate when genes
are transcribed. These form conditional if-then clauses of,
“If transcription factor (defined in Appendix 1) A binds to
promoter Y, then transcribe gene Z,” or, more typically,
more complex versions of, “If and only if transcription fac-
tors A, B, and C all form a complex at promoter Y, then
transcribe gene Z.”

This regulatory organization allows gene transcription
in the nucleus to be contingent upon events elsewhere in
the cell. For example, cellular “stress” can take the form of
misfolded proteins that are typically first sensed in the en-
doplasmic reticulum. There, their presence causes the
cleavage of a transmembrane protein whose cytosolic
fragment then translocates to the nucleus. There it acts as
a transcription factor, binding to promoter sequences
termed unfolded protein-response elements, leading to
the synthesis of molecular chaperones that stabilize mis-
folded proteins (48).
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This organization also allows for gene transcription to
be contingent upon events elsewhere in the body. This is
most readily accomplished by means of hormones. In the
case of peptide hormones, which bind to cell surface re-
ceptors, this typically involves ligand-induced activation
of second messenger cascades, which lead to a change in
the phosphorylation state and activity of particular tran-
scription factors. With steroid hormones, which readily
pass through lipid membranes and bind to intracellular
receptors, the hormone/receptor complex itself acts as a
transcription factor, binding to steroid-responsive ele-
ments (defined in Appendix 1) within promoters (49).
Given this endocrine involvement, this regulatory organi-
zation also allows for gene transcription to be contingent
upon events in the environment, outside the organism. As
examples, a female rodent smelling the pheromones of a
fertile male, a female elk hearing the long call of a roaring
stag, and a male nonhuman primate seeing a female’s es-
tral swelling all alter hormone secretory patterns and thus
genomic events (50).

Therefore, the likelihood with which the symptoms of a
psychiatric disorder is expressed—and gene expression—
can both be highly contingent upon environmental fac-
tors. Is it possible to construct vector systems that can be
induced by the same external signals that increase the risk
of a psychiatric disorder?

A number of regulated vector systems have been de-
scribed in which the inducing signal is highly artificial, re-
quiring intentional intervention. One early example is the
tetracycline-responsive promoter system (51). In a simpli-
fied explanation of this complex system, genes in E. coli
that are tetracycline resistant can be used to construct
vectors where expression can either be induced or re-
pressed by tetracycline administration (52). Such a system
has been applied in the nervous system (53). In one in-
teresting example of its use, neuroblastoma cells were
engineered ex vivo to express beta-endorphin under the
control of the tet system. When transplanted into the sub-
arachnoid space, induction with tetracycline produced
beta-endorphin secretion, alleviating pain (54). The artifi-
ciality is obvious of having to administer tetracycline at
the time of psychiatric risk, let alone the converse version
of having to constantly administer tetracycline and with-
draw it at the time of risk.

In another equally artificial approach, vectors have
been constructed containing metallothionein promoters,
inducible by the exogenous administration of heavy met-
als (55) or promoters inducible by ionizing radiation (56).
In a clever variant on this approach, No and Evans (57)
constructed a vector expressing a fusion protein that com-
bined a viral transcription factor with a receptor for the in-
sect steroid hormone ecdysone. Thus, administration of
ecdysone would cause the fusion receptor to translocate
to the nucleus, where the viral transcription factor would
activate transcription of a desired gene. The advantage
here was that insofar as an insect steroid was completely

novel to the rodent body, there could be no untoward side
effects arising from transcriptional regulation of native ro-
dent genes.

These prior vectors have conditional clauses of, “If ex-
ogenous manipulation X occurs, then induce gene Z.”
Other regulated gene therapy systems have used a version
closer to what is desired here, namely, “If endogenous
physiological event X occurs, then induce gene Z.” As a
first example, hypoxia induces transcriptional responses
in the body that serve as defenses against this insult (for
example, induction of genes relevant to angiogenesis, the
growth of new blood vessels). This occurs by means of in-
teraction with hypoxia-responsive elements (defined in
Appendix 1) in certain promoters. As a result, vectors have
been constructed with hypoxia-responsive element pro-
moters that are inducible by hypoxia (58, 59). A number of
studies have used glucose-regulated promoters. These
have allowed the construction of vectors that express insu-
lin in response to hyperglycemia, thereby alleviating the
symptoms of experimental diabetes (60, 61). The con-
struction of vectors using prostate antigen promoters,
rendering them androgen inducible, has also been re-
ported (55).

Therefore, gene therapy systems can be constructed
that are inducible by events external to the infected cell,
including systems that do not require exogenous manipu-
lation by an experimenter. Is it possible to construct a vec-
tor with the conditional clause of, “If exogenous event X
occurs, which increases the risk of a particular psychiatric
impairment, then induce gene Z”? We have recently devel-
oped a system that may meet some of these specifications.

In considering the exogenous events that increase the
risk for a psychiatric malady, arguably the best-docu-
mented example is the ability of stress to increase the like-
lihood of a depressive episode. The linkage between stress
and depression is derived from a wide range of findings
(reviewed in reference 62), including 1) epidemiological
studies of predisposing factors toward depression in hu-
mans (with the recognition that after a sufficient number
of such episodes, endogenous cycling of depression can
occur), 2) the capacity for repeated stressors to induce a
state of learned helplessness, 3) the ability of glucocorti-
coids, the adrenal steroids released during stress, to cause
depression (as demonstrated with Cushingoid patients
and individuals administered high-dose exogenous gluco-
corticoids), 4) the capacity for glucocorticoids to alter
neurochemical events in a way that likely predisposes to
depression, 5) the evidence that glucocorticoid synthesis
inhibitors or glucocorticoid receptor antagonists can have
antidepressive effects in some cases.

Thus, a prolonged excess of glucocorticoids can, as a
first approximation, be a plausible signal of a greater risk
of depression. As a steroid hormone, glucocorticoids,
when complexed with their receptors, can act as tran-
scriptional factors by means of binding to glucocorticoid-
responsive elements (63). As it turns out, herpes simplex
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virus 1 and other reactivating viruses (defined in Appendix
1) have evolved the means to opportunize a glucocorticoid
stress signal. As has been well documented, a variety of
stressors, including social stress, can activate herpes sim-
plex virus 1 out of latency (64), the teleology being that the
immune suppression that occurs during stress presents an
advantageous time for the virus to replicate. As the mech-
anism to explain such reactivation, genes relevant to reac-
tivation of herpes simplex virus 1 are under the control of
a promoter containing a glucocorticoid-responsive ele-
ment (65).

Prompted by findings such as these, investigators have
developed glucocorticoid- and stress-inducible vector
systems, making use of promoters containing glucocorti-
coid-responsive elements. As one example, Ishii et al. (66)
did ex vivo gene therapy on a cell line engineered to se-
crete beta-endorphin under the control of a promoter
containing a glucocorticoid-responsive element (continu-
ing the theme of numerous types of viruses opportunizing
glucocorticoid stress signals, the promoter in this case
originated from mouse mammary tumor virus). Trans-
planting the cells into the subarachnoid space, they dem-
onstrated that pharmacological levels of glucocorticoids
could induce beta-endorphin release. Unfortunately, they
did not test whether the stressor of pain itself could do so.

In another example, a glucocorticoid-inducible vector
was constructed to contain the glucocorticoid-responsive
element with mouse mammary tumor virus promoter that
overexpressed growth hormone (67). In the study most rel-
evant to the current discussion, we constructed a family of
herpes simplex virus 1 vectors containing promoters with
five glucocorticoid-responsive elements (68). Such vectors
can be induced in hippocampal cultures and in the hippo-

campus in vivo by both endogenous and synthetic gluco-
corticoids in a dose-responsive manner but not by non-
glucocorticoid steroids (Figure 6). Moreover, these vectors
can be introduced into neurons in a glucocorticoid-free
environment, become transcriptionally quiescent, and
then be induced by glucocorticoids at a later time. Most
important, these vectors can be induced robustly by a
stressor, namely an excitotoxic seizure, and, when ex-
pressing a protective transgene, can reduce subsequent
neurotoxicity.

From the standpoint of gene therapy against a neurolog-
ical insult, one can imagine any of a variety of protective
transgenes being expressed. From the perspective of gene
transfer, rather than gene therapy, we are currently explor-
ing whether we can alter normative hippocampal function
during stress with this vector system (specifically trying to
reverse the capacity of stress to impair hippocampal-de-
pendent cognition [69]). And from the standpoint of psy-
chiatric disorders, one can readily imagine a glucocorti-
coid-inducible vector overexpressing a gene thought to be
relevant to the subsequent increased risk of depression,
e.g., tryptophan hydroxylase or tyrosine hydroxylase.

We are now exploring a number of elaborations on such a
glucocorticoid-inducible system. In the version just de-
scribed (Figure 7, top, derived from reference 70), a tran-
sient stress signal, by means of glucocorticoid secretion,
causes transcription of a protective transgene by means of a
glucocorticoid-responsive element. A greater magnitude of
expression can be attained with an amplification scheme
(Figure 7, middle). In this instance, the glucocorticoid-re-
sponsive element drives expression of two downstream
genes (whose expression can be tightly coupled). The first
expresses the glucocorticoid receptor. Such increased re-

FIGURE 6. Relation of Hormone and Steroid Concentrations to Percent of Maximum Herpes Simplex Virus 1 Vector Expres-
sion in Primary Rat Hippocampal Culturesa

a Herpes simplex virus 1 vectors containing glucocorticoid-responsive elements in the promoter are inducible in a dose-dependent and steroid-
specific manner. Left: The vector is inducible in a dose-dependent manner by either the endogenous glucocorticoid corticosterone or the syn-
thetic glucocorticoid dexamethasone. Right: Expression is induced by corticosterone and dexamethasone but not by nonglucocorticoid ste-
roids such as estrogen, progesterone, and testosterone (all administered at 1 µM). Adapted from Ozawa et al. (68), with permission; copyright
2000 National Academy of Sciences, U.S.A.
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ceptor levels generate a positive feedback loop, making
the target cell more sensitive to the glucocorticoid signal.
This leads to increased levels of the transgene (as well as
the glucocorticoid receptor) as long as there continues to
be a glucocorticoid signal. A third scheme allows for trans-
gene expression beyond the period of glucocorticoid ex-
posure (Figure 7, bottom). This requires two constructs. In
the first, a glucocorticoid-responsive element drives ex-
pression of transcription factor X. The second construct
contains a response element to this transcription factor
(i.e., an X-responsive element). This promoter drives the
expression of both the protective transgene and of tran-
scription factor X. This results in expression of the trans-
gene beyond the period of glucocorticoid exposure.

Conditional gene therapy against a psychiatric disorder
could take other guises, for example, with expression be-
ing regulated by pain, the presence of an abused sub-
stance, or numerous other possibilities. We are currently
exploring another possible application. Considerable ba-
sic research suggests that anxiety and conditioned fear
can arise from potentiation of synaptic plasticity in the
subnuclei of the amygdala (compare with reference 71).
We have constructed a number of vectors that express ion
channels that hyperpolarize neurons, preventing such po-
tentiation. The conditional nature of the expression of
these transgenes is supplied by the fact that these vector

systems are voltage dependent. We originally developed
these with the goal of conditionally hyperpolarizing neu-
rons undergoing epileptic seizures (72). Theoretically,
these could function to block amygdaloid plasticity during
periods of the sort of hyperexcitation that might give rise
to fear conditioning.

Conclusions and Future Directions

Amid the optimism intrinsic in a review such as this,
gene therapy is highly unlikely to be clinically applicable in
psychiatry for some time to come. This can be appreciated
when noting how disappointing, in many ways, gene ther-
apy has been in all fields of clinical medicine. This is in part
due to tragedies such as the death in 1999 of Jesse Gel-
singer in a gene therapy trial at the University of Pennsylva-
nia; safety issues remain a major impediment to the field.
Moreover, another obvious problem impeding the field is
the relative uncertainty as to which genes would be most
appropriate to deliver in many cases. Finally, major chal-
lenges remain in optimizing the delivery of vector through-
out the relevant target tissue and obtaining expression of
sufficient magnitude and duration. For example, the iden-
tification of a mutation in the CFTR gene as the cause of
cystic fibrosis led to a widespread expectation that the dis-
ease would soon be manageable with gene therapeutic de-

FIGURE 7. Schematic Representation of Methods for Generating, Augmenting, and Prolonging Stress-Inducible Vector
Expressiona

a See text for details. Reprinted from Ogle WO, Sapolsky RM: Gene therapy and the aging nervous system. Mech Ageing Dev; 122:1555–1563;
copyright 2001, with permission from Elsevier Science.
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livery of wild-type CFTR. Many years later, this has still not
been achieved, in large part because of the still insur-
mountable challenge of getting transgene expression of
sufficient magnitude and distribution throughout the
lungs.

Improving the vectorology of this field is the subject of
enormous amounts of work by many investigators. The
goals in this review were much narrower. The first goal,
from the simplified perspective of a nonpsychiatrist, was to
emphasize the conditional nature of the expression of psy-
chiatric disorders; there are few examples in the life sci-
ences that teach better the interactions between biological
proclivity and environmental precipitant. Second, the con-
ditional nature of when psychiatric symptoms are ex-
pressed implies that gene therapy would often need to be
conditional as well. The final goal was that conditional ex-
pression, as it applies to when psychiatric disorders mani-
fest and to when genes are transcribed, does not represent
a mere metaphor but presents parallels that might some-
day be exploited clinically.

Received March 25, 2002; revision received July 16, 2002; accepted
Aug. 14, 2002. From the Department of Biological Sciences and the
Department of Neurology and Neurological Sciences, Stanford Uni-
versity School of Medicine. Address reprint requests to Dr. Sapolsky,
Department of Biological Sciences, Stanford University School of
Medicine, MC 5020, Stanford, CA 94305-5020; sapolsky@stanford.edu
(e-mail).

Funding was supplied by NIH grant NS-37520 from the National
Institute of Neurological and Communicative Disorders and Stroke
and the Tobacco-Related Disease Research Program of the State of
California.

The author thanks Elise Cheng, Theodore Dumas, and Madhuri Roy
for assistance with the article.

References

1. Carlezon W, Nestler E, Neve R: HSV-mediated gene transfer as a
tool for neuropsychiatric research. Crit Rev Neurobiol 2000;
14:47–52

2. Zlokovic B, Apuzzo M: Cellular and molecular neurosurgery,
pathways from concept to reality, part II: vector systems and
delivery methodologies for gene therapy of the central ner-
vous system. Neurosurgery 1997; 40:805–815

3. Karpati G, Lochmuller H, Nalbantoglu J, Durham H: The princi-
ples of gene therapy for the nervous system. Trends Neurosci
1996; 19:49–54

4. Taylor R, Wolfe J: Decreased lysosomal storage in the adult MPS
VII mouse brain in the vicinity of grafts of retroviral vector-cor-
rected fibroblasts secreting high levels of beta-glucuronidase.
Nat Med 1997; 3:771–775

5. Imaoka T, Date I, Ohmoto T, Yasuda T, Tsuda M: In vivo gene
transfer into the adult mammalian CNS by continuous injec-
tion of plasmid DNA-cationic liposome complex. Brain Res
1998; 780:119–127

6. Wagner E, Zatloukal K, Cotten M, Kirlappos H, Mechtler K, Cu-
riel DT, Birnstiel ML: Coupling of adenovirus to transferrin-
polylysing/DNA complexes greatly enhances receptor-medi-
ated gene delivery and expression of transfected genes. Proc
Natl Acad Sci USA 1992; 89:6099–6103

7. Constantini L, Jacoby D, Wang S, Fraefel C, Breakefield X, Isac-
son O: Gene transfer to the nigrostriatal system by hybrid her-

pes simplex virus/AAV amplicon vectors. Hum Gene Ther 1999;

10:2481–2488

8. Kennedy P: Potential use of HSV vectors for gene therapy of

neurological disorders. Brain 1997; 120:1245–1254

9. Stone D, David A, Bolognani F, Lowenstein P, Castro M: Viral

vectors for gene delivery and gene therapy within the endo-

crine system. J Endocrinol 2000; 164:103–110

10. Lawrence MS, Ho DY, Dash R, Sapolsky RM: Herpes simplex vi-

rus vectors overexpressing the glucose transporter gene pro-

tect against seizure-induced neuron loss. Proc Natl Acad Sci

USA 1995; 92:7247–7251

11. Betz A, Yang B, Davidson J: Attenuation of stroke size in rats us-

ing an adenoviral vector to induce overexpression of interleu-

kin-1 receptor antagonist in brain. J Cereb Blood Flow Metab

1995; 15:547–553

APPENDIX 1. A Glossary of Relevant Molecular Terms (73)

Constitutive expression: In the context of gene therapy, when tran-
scription begins immediately after the introduction of a vector. 
Contrast with inducible expression.

Endocytosis: The uptake of material into a cell by way of membrane 
vesicles pinching off from the plasma membrane.

Ex vivo gene transfer: When cells are removed from an organism, en-
gineered to express a transgene, and reinserted into an organism. 
An example mentioned early in the review concerns engineering fi-
broblasts.

Hypoxia-responsive element: Part of a promoter that transduces 
transcriptional events in response to a cellular signal of hypoxia. In 
principle, this works much like steroid-responsive elements, al-
though the molecular mechanisms underlying the hypoxic induc-
tion are less well understood.

Inducible expression: In the context of gene therapy, when a vector 
that is introduced is initially quiescent—transcriptionally inac-
tive—until it is induced by a specific signal. Contrast with constitu-
tive expression.

Knockout: An organism that has been genetically engineered so as to 
no longer express one of its endogenous genes. Thus, for example, 
a serotonin 5-HT1A knockout mouse fails to express the 5-HT1A sero-
tonin receptor.

Neurotropic viruses: Viruses that preferentially infect adult neurons. 
The distinctive feature of such viruses is their ability to replicate in 
nondividing cells.

Plasmid: Small loops of DNA that can replicate independent of chro-
mosomal DNA.

Postmitotic: No longer undergoing cell division.
Promoter: A strand of DNA that promotes the transcription of a gene, 

one typically immediately downstream from it. Stated more techni-
cally, a promoter is the DNA region in which RNA polymerase binds 
in order to initiate transcription.

Reactivating viruses: Viruses that, after infection of a host organism, 
can remain latent for decades.

Recombination: The exchange of fragments of DNA between two 
DNA molecules.

Steroid-responsive element: This strand of DNA is part of a promoter. 
The steroid-responsive element binds the hormone/receptor com-
plex of a specific steroid hormone. Thus, an estrogen-responsive el-
ement binds estrogen/estrogen receptor complexes, an androgen-
responsive element binds androgen/androgen receptor complexes, 
and so on. Such binding positively or negatively regulates the tran-
scription of genes regulated by the promoter (i.e., increases or de-
creases the likelihood of transcription).

Transcription factor: Molecules that facilitate the binding of RNA 
polymerase to a promoter, thereby initiating transcription.

Transgene: A foreign gene introduced into an organism by genetic 
engineering.

Transgenic animal: An organism that has been genetically engi-
neered to express a gene from a different species. In the original 
versions of such transgenic animals, expression of the foreign gene 
occurred in all cells at all times. More recent versions allow for tis-
sue- and time-specific expression.



Am J Psychiatry 160:2, February 2003 219

ROBERT M. SAPOLSKY

http://ajp.psychiatryonline.org

12. Hagan P, Barks J, Yabut M, Davidson B, Roessler B, Silverstein F:
Adenovirus-mediated over-expression of IL-1 receptor antago-
nist reduces susceptibility to excitotoxic brain injury in perina-
tal rats. Neuroscience 1996; 75:1033–1040

13. Shi N, Pardridge WM: Noninvasive gene targeting to the brain.
Proc Natl Acad Sci USA 2000; 97:7567–7572

14. Natsume A, Mata M, Goss J, Huang S, Wolfe D, Oligino T, Glori-
oso J, Fink D: Bcl-2 and GDNF delivered by HSV-mediated gene
transfer act additively to protect dopaminergic neurons from
6-OHDA-induced degeneration. Exp Neurol 2001; 169:231–239

15. Krisky DM, Wolfe D, Goins WF, Marconi PC, Ramakrishnan R,
Mata M, Rouse RJ, Fink DJ, Glorioso JC: Deletion of multiple im-
mediate-early genes from herpes simplex virus reduces cyto-
toxicity and permits long-term gene expression in neurons.
Gene Ther 1998; 5:1593–1603

16. Eberhardt O, Coelln RV, Kugler S, Lindenau J, Rathke-Hartlieb S,
Gerhardt E, Haid S, Isenmann S, Gravel C, Srinivasan A, Bahr M,
Weller M, Dichgans J, Schulz JB: Protection by synergistic effects
of adenovirus-mediated X-chromosome-linked inhibitor of ap-
optosis and glial cell line-derived neurotrophic factor gene
transfer in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
model of Parkinson’s disease. J Neurosci 2000; 20:9126–9134

17. Wahlfors J, Loimas S, Pasanen T, Hakkarainen T: Green fluores-
cent protein (GFP) fusion constructs in gene therapy research.
Histochem Cell Biol 2001; 115:59–65

18. Lawrence MS, McLaughlin JR, Sun GH, Ho DY, McIntosh L, Kunis
DM, Sapolsky RM, Steinberg GK: Herpes simplex viral vectors
expressing Bcl-2 are neuroprotective when delivered following
a stroke. J Cereb Blood Flow Metab 1997; 17:740–744

19. Ho DY, Sapolsky RM: Gene therapy for the nervous system. Sci
Am 1997; 276:116–120

20. Ross CJ, Ralph M, Chang PL: Somatic gene therapy for a neuro-
degenerative disease using microencapsulated recombinant
cells. Exp Neurol 2000; 166:276–284

21. Sapolsky RM: Cellular defenses against excitotoxic insults. J
Neurochem 2001; 76:1601–1611

22. Goss J, Taffe K, Kochanek P, DeKosky S: The antioxidant en-
zymes glutathione peroxidase and catalase increase following
traumatic brain injury in the rat. Exp Neurol 1997; 146:291–
298

23. Ohtsuki T, Matsumoto M, Suzuki K, Taniguchi N, Kamada T: Ef-
fect of transient forebrain ischemia on superoxide dismutases
in gerbil hippocampus. Brain Res 1993; 620:305–312

24. Jordan J, Ghadge GD, Prehn JH, Toth PT, Roos RP, Miller RJ: Ex-
pression of human copper/zinc-superoxide dismutase inhibits
the death of rat sympathetic neurons caused by withdrawal of
nerve growth factor. Mol Pharmacol 1995; 47:1095–1100

25. Kindy M, Yu J, Miller R, Roos R, Ghadge G: Adenoviral vectors in
ischemic injury, in Pharmacology of Cerebral Ischemia: Pro-
ceedings of the International Symposium on Pharmacology of
Cerebral Ischemia Held in Marburg, Federal Republic of Ger-
many, on 16–17 July. Edited by Krieglstein J. New York, Elsevier,
1987, pp 16–26

26. Linnik M, Zahos P, Geschwind M, Federoff H: Expression of bcl-2
from a defective herpes simplex virus-1 vector limits neuronal
death in focal cerebral ischemia. Stroke 1995; 26:1670–1677

27. Lawrence MS, Ho D, Sun G, Steinberg G, Sapolsky R: Overex-
pression of Bcl-2 with herpes simplex virus vectors protects CNS
neurons against neurologic insults in vitro and in vivo. J Neuro-
sci 1996; 16:486–493

28. Wahlestedt C, Golanov E, Yamamoto S, Yee F, Ericson H, Yoo H,
Inturrisi C, Reis D: Antisense oligodeoxynucleotides to NMDA-
R1 receptor channel protect cortical neurons from excitotoxic-
ity and reduce focal ischaemic infarctions. Nature 1993; 363:
260–264

29. Constantini L, Bakowsak J, Breakefield X, Isacson O: Gene ther-
apy in the CNS. Gene Ther 2000; 7:93–101

30. Simonato M, Manservigi R, Marconi P, Glorioso J: Gene transfer
into neurones for the molecular analysis of behavior: focus on
herpes simplex vectors. Trends Neurosci 2000; 23:183–187

31. Lee JM, Zipfel GJ, Choi DW: The changing landscape of is-
chaemic brain injury mechanisms. Nature 1999; 399:A7–A14

32. Sapolsky R, Steinberg G: Gene therapy for acute neurological
insults. Neurology 1999; 10:1922–1930

33. Ho DY, Mocarski E, Sapolsky R: Altering central nervous system
physiology with a defective herpes simplex virus vector ex-
pressing the glucose transporter gene. Proc Natl Acad Sci USA
1993; 90:3655–3660

34. Gupta A, Ho D, Brooke S, Franklin L, Roy M, McLaughlin J, Fink
S, Sapolsky R: Neuroprotective effects of an adenoviral vector
expressing the glucose transporter: a detailed description of
the mediating cellular events. Brain Res 2001; 908:49–57

35. Dumas T, McLaughlin J, Ho D, Lawrence M, Sapolsky R: Gene
therapies that enhance hippocampal neuron survival after an
excitotoxic insult are not equivalent in their ability to maintain
synaptic transmission. Exp Neurol 2000; 166:180–186

36. Dumas T, Sapolsky R: Gene therapy against neurological in-
sults: sparing neurons versus sparing function. Trends Neurosci
2001; 24:695–700

37. McLaughlin J, Roozendaal B, Gupta A, Ajilore O, Dumas T, Hsieh
J, Ho D, Lawrence M, McGaugh J, Sapolsky R: Sparing neuronal
function post-seizure with gene therapy. Proc Natl Acad Sci USA
2000; 97:12804–12809

38. Chard P, Jordan J, Marcuccilli C, Miller R, Leiden J, Roos R,
Ghadge G: Regulation of excitatory transmission at hippocam-
pal synapses by calbindin D28K. Proc Natl Acad Sci USA 1995;
92:5144–5148

39. Meier T, Ho D, Park T, Sapolsky R: Gene transfer of calbindin
D28K cDNA via herpes simplex virus amplicon vector de-
creases calcium ion mobilization and enhances neuronal sur-
vival following glutamatergic challenge but not following cya-
nide. J Neurochem 1998; 71:1013–1018

40. Meier TJ, Ho D, Sapolsky R: Increased expression of calbindin
D28K via herpes simplex virus amplicon vector decreases cal-
cium ion mobilization and enhances neuronal survival follow-
ing hypoglycemic challenge. J Neurochem 1997; 69:1039–
1045

41. Phillips R, Meier T, Giuli L, McLaughlin J, Ho D, Sapolsky R: Cal-
bindin D28K gene-transfer via herpes simplex virus amplicon
vector decreases hippocampal damage in vivo following neu-
rotoxic insults. J Neurochem 1999; 73:1200–1206

42. Martinez-Serrano A, Bjorklund A: Ex vivo nerve growth factor
gene transfer to the basal forebrain in presymptomatic mid-
dle-aged rats prevents the development of cholinergic neuron
atrophy and cognitive impairment during aging. Proc Natl
Acad Sci USA 1998; 17:1858–1863

43. Carlezon WA Jr, Thome J, Olson VG, Lane-Ladd SB, Brodkin ES,
Hiroi N, Duman RS, Neve RL, Nestler EJ: Regulation of cocaine
reward by CREB. Science 1998; 282:2272–2275

44. Nestler E: Total recall—the memory of addiction. Science 2001;
292:2266–2267

45. Carlezon W, Boundy V, Haile C, Lane S, Kalb R, Neve R, Nestler
E: Sensitization to morphine induced by viral-mediated gene
transfer. Science 1997; 277:812–815

46. Pitkow LJ, Sharer CA, Ren X, Insel TR, Terwilliger EF, Young LJ:
Facilitation of affiliation and pair-bond formation by vaso-
pressin receptor gene transfer into the ventral forebrain of a
monogamous vole. J Neurosci 2001; 21:7392–7396

47. Maciejewiski P, Prigerson H, Mazure C: Self-efficacy as a media-
tor between stressful life events and depressive symptoms: dif-
ferences based on history of prior depression. Br J Psychiatry
2000; 176:373–382

48. Lee A: The glucose-regulated proteins: stress induction and
clinical applications. Trends Biochem Sci 2001; 26:504–508



220 Am J Psychiatry 160:2, February 2003

GENE THERAPY

http://ajp.psychiatryonline.org

49. Truss M, Beato M: Steroid hormone receptors: interaction with
deoxyribonucleic acid and transcription factors. Endocrinol
Rev 1993; 14:459–473

50. Becker J, Breedlove M, Crews D: Behavioral Endocrinology.
Cambridge, Mass, MIT Press, 1991

51. Gossen M, Bujard H: Tight control of gene expression in mam-
malian cells by tetracycline-responsive promoters. Proc Natl
Acad Sci USA 1992; 89:5547–5551

52. Gossen M, Freundlieb S, Bender G, Muller G, Hillen W, Bujard
H: Transcriptional activation by tetracycline in mammalian
cells. Science 1995; 268:1766–1769

53. Ho D, McLaughlin J, Sapolsky R: Inducible gene expression
from defective herpes simplex virus vectors using the tetracy-
cline-responsive promoter system. Mol Brain Res 1996; 41:
200–209

54. Saitoh Y, Eguchi Y, Hagihara Y, Arita N, Watahiki M, Tsujimoto Y,
Hayakawa T: Dose-dependent doxycycline-mediated ACTH se-
cretion from encapsulated Tet-on POMC Neuro2A cells in the
subarachnoid space. Hum Gen Ther 1998; 9:997–1004

55. Wyman T, Rohrer D, Kirigiti P, Nichols H, Pilcher K, Nilaver G,
Machida C: Promoter-activated expression of NGF for treat-
ment of neurodegenerative diseases. Gene Ther 1999; 6:1648–
1653

56. Manome Y, Kunieda T, Wen PY, Koga T, Kufe DW, Ohno T: Trans-
gene expression in malignant glioma using a replication-defec-
tive adenoviral vector containing the Egr-1 promoter: activa-
t ion by ioniz ing radiat ion or  uptake of  radioact ive
iododeoxyuridine. Hum Gene Ther 1998; 9:1409–1417

57. No D, Evans R: Ecdysone-inducible expression in mammalian
cells and transgenic mice. Proc Natl Acad Sci USA 1996; 93:
3346–3350

58. Shibata T, Giaccia A, Brown J: Development of a hypoxia-re-
sponsive vector for tumor specific gene therapy. Gene Ther
2000; 7:493–499

59. Binley K, Iqball S, Kingsman A, Kingsman S, Naylor S: An
adenoviral vector regulated by hypoxia for the treatment of is-
chaemic disease and cancer. Gene Ther 1999; 6:1721–1726

60. Barry SC, Ramesh N, Lejnieks D, Simonson WT, Kemper L, Lern-
mark A, Osborne WR: Glucose-regulated insulin expression in
diabetic rats. Hum Gene Ther 2001; 12:131–138

61. Lee H, Kim S, Kim K, Swhin H, Yoon J: Remission in models of
type 1 diabetes by gene therapy using a single-chain insulin
analogue. Nature 2000; 408:483–487

62. Holsboer F: Clinical neuroendocrinology, in Neurobiology of
Mental Illness. Edited by Charney D, Nestler E, Bunney B. New
York, Oxford University Press, 1999, pp 149–161

63. Funder J: Mineralocorticoids, glucocorticoids, receptors and re-
sponse elements. Science 1993; 259:1132–1133

64. Padgett D, Sheridan J, Dorne J, Berntson G, Chandelora J, Glaser
R: Social stress and the reactivation of latent HSV-1. Proc Natl
Acad Sci USA 1998; 95:7231–7235

65. Hardwicke MA, Schaffer PA: Differential effects of nerve growth
factor and dexamethasone on herpes simplex virus type 1 oriL-
and oriS-dependent DNA replication in PC12 cells. J Virol 1997;
71:3580–3587

66. Ishii K, Isono M, Inoue R, Hori S: Attempted gene therapy for
intractable pain: dexamethasone-mediated exogenous control
of beta-endorphin secretion in genetically modified cells and
intrathecal transplantation. Exp Neurol 2000; 166:90–98

67. Inazawa T, Tanabe T, Yamada H, Nakaoka T, Hashimoto Y, Ya-
masaki T, Kotaki H, Tani K, Asano S, Yamashita N: Glucocorti-
coid-regulated expression of exogenous human growth hor-
mone gene in rats. Mol Ther 2001; 4:267–272

68. Ozawa C, Ho J, Tsai D, Ho D, Sapolsky R: Neuroprotective poten-
tial of a stress-induced viral vector system. Proc Natl Acad Sci
USA 2000; 97:9270–9275

69. McEwen BS, Sapolsky RM: Stress and cognitive function. Curr
Opin Neurobiol 1995; 5:205–216

70. Ogle WO, Sapolsky RM: Gene therapy and the aging nervous
system. Mech Ageing and Dev 2001; 122:1555–1563

71. LeDoux J: The Emotional Brain. New York, Simon & Schuster,
1996

72. Lee A, Ho D, Brooke S, Sapolsky R: Potassium channels in gene
therapy to prevent neuron death following necrotic insults. Ab-
stracts of the Society for Neuroscience 2000; 771:18

73. Kleinsmith L, Kish V: Principles of Cell and Molecular Biology.
New York, HarperCollins, 1995


