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Altering behavior with gene transfer in the limbic system
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Abstract

There is now sufficient knowledge of the workings of the limbic system to allow experimental manipulation of behaviors anchored in

limbic function. While such manipulations have traditionally involved lesions, stimulation or pharmacological approaches, it has become

plausible to use gene transfer technology to alter patterns of gene expression in the nervous system. In this review, I consider ways in which

gene transfer has been used to alter limbic function. These involve altering (a) cognition, (b) the rewarding properties of addictive substances,

(c) patterns of social affiliation, and (d) responses to stress.
D 2003 Elsevier Inc. All rights reserved.
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1. Introduction

There are those of us in neuroscience who love the limbic

system, even to the exclusion of the rest of the brain. This

passion can carry a price at times, namely a certain periph-

eralization. The introductory neurology texts and the medical

school neuroanatomy courses are dominated by the spinal

cord and the ways in which it can be damaged—the limbic

system is barely mentioned. The neuroscientists concerned

with networks and cytoarchitecture will pay lip service to the

trisynaptic circuit of the hippocampus before turning to fawn

over the cerebellum. The cortical aficionados are typically

far more concerned with sensorimotor homunculi than with

going anywhere near the anterior cingulate cortex.

But while our obsession can often be a difficult one, it

rewards us amply with the chauvinistic knowledge that the

limbic system is the most interesting part of the brain. Thus,

we pay homage to pioneers like Papez, Nauta, and of course

MacLean, who positioned the limbic system in its appropri-

ate place from the standpoint of anatomy, function, phylog-

eny, and evolution.

Limbic function is so intrinsically fascinating because it is

so intrinsically complex. It is relatively trivial to make sense
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of, say, point for point representation in primary sensory

cortex, as compared to figuring out something like how the

prefrontal cortex helps define the essence of our humanity

(let alone what that essence is). Thus, it is not surprising that

knowledge about limbic function has often lagged behind

that concerning other brain regions.

One of the signs of a subfield of neuroscience coming of

age is when there is a transition from purely descriptive and

correlative studies to those in which a system can be actively

manipulated in a predictable manner. In studies of the limbic

system, manipulations have most often taken the forms of

lesion or stimulation studies, or pharmacological or endo-

crine interventions.

The genomic era has introduced an additional realm of

manipulation, namely changing patterns of gene expression

in a way to alter limbic function. Such genetic manipulations

can take two forms. In the first form, gene expression is

manipulated in a lifelong manner (i.e., what occurs in a

transgenic or a knockout animal). Advances in such tech-

nology now allow for organ- or region-specific restriction of

the genomic manipulation. As a recent example of this

approach relevant to the limbic system, a conditional knock-

out mouse was generated in which expression of a glutamate

receptor subunit was eliminated only in the CA3 cell field of

the hippocampus. This allowed for studies that implicated

that cell field is an aspect of cognition [1].

The other approach is to alter gene expression transiently.

In the most common version of this approach, a ‘‘vector’’ of
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some sort is utilized to ferry novel DNA into target cells in

order to cause transient overexpression of the imported

transgene. Such gene transfer approaches have been explored

heavily in the realm of ‘‘gene therapy’’ for neurological

diseases, and this has produced some heartening progress.

It is only recently that attention has turned towards the idea of

transferring genes in the limbic system for the purpose of

altering normative function.

In this paper, I first briefly review the general approach

of gene transfer and the progress that has been made in

targeting neurological disease with gene therapy. I then

will discuss studies that have altered limbic function

through gene transfer in four realms—hippocampal-depen-

dent cognition, addictive behavior, affiliative behavior, and

stress.
2. The basics of gene transfer in the nervous system

(The interested reader is referred to Refs. [2–5] for more

detailed and technical reviews).

As practiced outside of the nervous system, techniques for

the transfer of genes rely heavily upon target cells undergo-

ing mitosis, an ideal time for the insertion of novel DNA.

These studies have made heavy use of retroviruses, which

target dividing cells, as vectors for importing genes. The

situation in the nervous system is more complex because of

the postmitotic nature of adult neurons. Thus, neuronal gene

therapy studies have predominately utilized a handful of

‘‘neurotrophic’’ viruses, which can infect nondividing cells

such as neurons. These include herpes simplex virus-1

(HSV-1), adenovirus, adeno-associated virus and lentivi-

ruses. Two additional approaches have been used in some

studies. The first utilizes artificial lipid carriers, known as

liposomes, to transport novel DNA. In the second, ‘‘ex vivo’’

gene therapy is conducted on purified cells such as fibro-

blasts or neural progenitors, engineering them to secrete an

overexpressed protein product; the cells are then transplanted

into the brain.

In all of the virally based gene transfer approaches in the

nervous system, the general strategy has been to generate a

truncated crippled version of the virus. Specifically, these

versions contain the minimal number of viral genes that will

ensure infectivity and transcription, but which will prevent

damaging viral replication. Once a safe vector has been

generated, the novel DNA meant to be transferred can be

incorporated. Vector is then delivered to the nervous system

where it will infect neurons and express the imported gene.

Only a subset of neurons in the area of delivery is typically

infected, and it is often essential to an experiment to know in

which cells this has occurred. Thus, in addition to the gene(s)

of interest, vectors typically include a ‘‘reporter gene.’’ This

gene does not alter host cell function, it merely produces a

protein that gives off a signal (e.g., a color at a certain

wavelength of light) that indicates successful infection. (The

fact that only a subset of neurons are infected raises the issue
of whether this is enough to alter a behavioral endpoint and

whether there would be a relationship between the extent of

infection and magnitude of alteration; as will be seen, this

field is too new to have answered these questions).

No single virus has emerged as the vector of choice for

neuronal gene transfer. The viruses differ as to the amount of

DNA that can be shuttled by them, the titers that can be

achieved, the speed with which the vector begins to express

the transgene after infection, the magnitude and duration of

infection, the percentage of neurons infected within a par-

ticular radius of the delivery site, and the likelihood of the

vector causing inflammation in the brain.

In addition to the issue of its postmitotic nature, the brain

also presents challenges because of its relative inaccessiblity.

While there has been a small degree of success in delivering

vectors via intraocular or intraorbital routes, or via intrave-

nous injection (particularly, in this final case, with lipo-

somes), the bulk of studies have involved stereotaxically

injecting the vector directly into brain parenchyma or intra-

ventricularly. In the former case, vectors preferentially infect

neurons, with the novel protein product then typically exert-

ing its effects intraneuronally. In contrast, in the case of

intraventricular infusion, the vector typically winds up

infecting ependymal cells lining the ventricles. As such,

the protein products studied are typically the ones that are

secreted (as seen with, for example, overexpression of

neurotrophin genes).

Numerous elaborations can be made on this basic ap-

proach. The first concerns the increasing ability to construct

vectors that deliver multiple genes or to deliver multiple

vectors expressing different genes.

A second elaboration is related to the daunting cellular

heterogeneity of different regions within the brain. As a

molecular correlate of this, neurons in different brain regions

have very different antigenic make-ups on their cell surfaces.

Related to this, the viruses used as vectors tend to preferen-

tially infect some neuron types over others. Thus, it is

possible to modify the coat proteins of viruses so as to

change those preferences. Furthermore, it is possible to

modify the promoter used in the vector to generate cell-

type-specific expression. For example, while the viruses

discussed preferentially infect neurons, there is still some

degree of infection of, and expression in glia. It is possible to

circumvent this, if desired, by using a neuron-specific

promoter in the construct. This modification can be refined

further by utilizing promoters that will express in only

particular neuron types.

An additional elaboration concerns when expression

occurs. Neuronal gene therapy typically makes use of a viral

vector that is ‘‘constitutive,’’ which is to say that it contains a

viral promoter that begins expression soon after infection.

Alternatively, promoters can be used that are inducible, such

that expression does not automatically follow injection;

instead, the novel gene(s) remains transcriptionally latent

until induced. The inducing signal can be some artificial

exogenous factor (such as tetracycline, in a system utilizing a
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tetracycline-regulated promoter, or a heavy metal, in a

system using a metallothionine promoter). As a more

sophisticated step, the inducing signal can be the one

endogenous to the cell or organism. For example, a vector

containing a hypoxia-responsive element in its promoter

has been used to have expression of a protective gene

triggered by the low oxygen environment induced by

hypoxia–ischemia [6]. As another example, a vector con-

taining a glucocorticoid-responsive element has been used

to have expression triggered by the high glucocorticoid

levels triggered by a stressful neurological insult [7].

This brief primer gives an overview of gene therapy in the

nervous system.
3. Gene therapy against neurological insults

Neuronal gene therapy has now been carried out for

approximately a decade, and the vast majority of the studies

have targeted neurological insults. This is understandable

because of the pressing need for novel therapies in this realm

and because the cell and molecular biology underlying the

neuron death in numerous neurological disorders is now well

understood.

These approaches have yielded some notable, preclinical

successes. Many have targeted ‘‘necrotic’’ neurological

insults (such as seizure, hypoglycemia, hypoxia–ischemia,

and concussive head trauma), in which an acute injury results

in neuron death over the next few days. Various transgenes

delivered via viral vectors have been reported to protect

against necrotic insults. Efficacious approaches include over-

expression of a glucose transporter molecule (to target

energetic components of damage), a calcium binding protein

(to sequester the excessive and damaging calcium that

accumulates in the cytosol after necrotic insults), heat shock

proteins (to protect against protein malfolding), antioxidants

(to prevent the oxidative damage that is central to these

insults), and inhibitors of programmed cell death (reviewed

in Ref. [8]).

Progress has also been made in targeting neuron death

during neurodegenerative diseases, disorders where neuro-

toxicity emerges over months to decades. Best studied have

been animal models of Parkinson’s Disease. A number of

studies have shown a sparing of neuron number, an enhance-

ment of dopaminergic transmission, and/or maintenance of

motor function with overexpression of neurotrophins, anti-

apoptotic proteins, or tyrosine hydroxylase (reviewed in

Refs. [9,10]).

These findings are encouraging and have spawned the

first clinical gene therapy trial against a neurodegenerative

disorder (transplanting neurotrophin-secreting fibroblasts

into the basal forebrain of Alzheimer’s patients; it is not

yet known whether this approach has had any salutary

effects). This progress has also encouraged researchers to

think about more subtle instances of gene transfer, one meant

to be therapeutic against disorders less extreme than, say, a
grand malseizure, or meant to alter normative behavior. I

now review a handful of these studies that have involved

limbic function.

3.1. Example 1: gene therapy against the cognitive declines

of aging

An enormous amount of study has focused on the role of

the hippocampus in learning and memory and on the

modulation of such function by the cholinergic projection

into the hippocampus from the basal forebrain via the

septum. Dysfunction in this circuit appears central to under-

standing both Alzheimer’s disease and the far milder cogni-

tive impairments typical of normative aging. In inbred strains

of laboratory rats, a substantial subset of individuals typi-

cally show a decline in hippocampal-dependent memory

with age, accompanied by atrophy of the cholinergic inputs

into the structure. A large number of pharmacological studies

have shown that these cholinergic deficits play a significant

role in bringing about those age-related cognitive deficits

[11,12].

Prompted by this, a number of investigators have attemp-

ted to administer nerve growth factor (NGF) into the basal

forebrain and/or septum of rats, taking advantage of the

neurotrophin’s well-documented ability to enhance survival

and/or function of cholinergic neurons. These interventions

have been successful, in the sense of boosting both cholin-

ergic and hippocampal function (e.g., Refs. [13,14]). How-

ever, these effects have persisted only for a few days, owing

to the short half-life of NGF [15].

This suggested that the gene therapy approach of trans-

ferring the NGF gene (and thereby gaining the advantage of

prolonged expression) would be more effective than admin-

istering the short-lived NGF protein itself. The most suc-

cessful version of this was carried out by A. Martinez-

Serrano and A. Bjorklund [16]. Reflecting Bjorklund’s

pioneering work in neural transplantation, the authors used

an ex vivo approach, genetically modifying neural progen-

itor cells to express NGF and then transplanting them into the

brain. In the study, the hippocampal-dependent cognitive

performance of middle-aged (14- to 16-month-old) labora-

tory rats was characterized with a Morris water maze, and a

subset of cognitively unimpaired subjects was identified.

Animals were then either left as unmanipulated controls,

implanted in the medial septum and nucleus basalis magno-

cellularis with control, unmodified progenitors, or implanted

there with NGF-secreting progenitors.

Nine months later, the results of the NGF gene therapy

were striking. Grafted cells were still alive and, after having

undergone a few rounds of cell division shortly after im-

plantation, had incorporated into neural networks. Moreover,

the grafts were still expressing NGF. While unmanipulated

control rats or those receiving the control graft showed the

typical atrophy of cholinergic neurons in the basal forebrain

and septum, this loss of cell volume was prevented in the

NGF-grafted animals. Finally, and most importantly, the age-



Fig. 2. Sensitivity to cocaine after gene transfer. Rats spent significantly less

time in cocaine-associated environments after microinjection into the nucleus

accumbens shell of a vector expressing CREB, and significantly more time

after injection with a vector expressing mutant CREB. From Ref. [22].
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related decline in water maze performance was prevented in

the NGF-grafted group (Fig. 1).

Thus, it is possible to carry out a long-term gene thera-

peutic intervention that can prevent an aspect of brain aging

typical to many laboratory rats, one that can alter aspects of

hippocampal-dependent cognition. However, as a cautionary

note, one must consider an earlier version of this study [17],

in which ex vivo gene therapy was carried out on fibroblasts

rather than neural progenitors. Such fibroblasts were engi-

neered to secrete NGF and were then transplanted into the

nucleus basalis magnocellularis. In aged rats, this interven-

tion improved spatial maze performance and blocked the

atrophy of cholinergic neurons. However, when transplanted

into young, cognitively intact animals, cognitive perfor-

mance was worsened rather than improved. The authors

interpreted this as demonstrating that an excess of choliner-

gic tone, in addition to a depletion of cholinergic tone, can

disrupt cognition. This is highly relevant when considering

that it is quite difficult to control the amount of protein

expressed by the therapeutic transgene.

3.2. Example 2: gene therapy against substance abuse

In recent years, there has been an increasing recognition

that a variety of substances of abuse converge in regulating

aspects of mesolimbic dopaminergic communication, partic-

ularly in the ventral tegmental area (VTA) and the nucleus

accumbens. This is quite logical, given the roles of such

regions in pleasure, reinforcement, and anticipation. Broadly,

an array of addictive compounds stimulates the release of

dopamine in these regions, and there is even increasing

evidence that nonpharmacological addictive processes (such

as gambling) have similar effects (reviewed in Ref. [18]).

With this recognition has come intense study of the

intracellular consequences of exposure of such dopaminer-

gic neurons to various substances of abuse. A number of

studies suggested a second messenger cascade in the nucle-

us accumbens that mediates tolerance for cocaine: Chronic

exposure to the drug is known to generate cAMP, which
Fig. 1. Performance in the Morris water maze tests (distance swum to find

the hidden platform), before grafting and 4 and 9 months post-grafting. Open

square: adult rats. Open circles: aged rats with control implants. Closed

circles: NGF-grafted aged animals. From Ref. [16].
then activates the cAMP-dependent protein kinase PKA

[19,20]. This would be expected to lead to phosphorylation

of the transcription factor CREB. Such phosphorylation

activates the transcriptional activity of CREB, leading to

expression of the gene for dynorphin [20] that, by binding to

its n opioid receptor, blunts the rewarding properties of

cocaine [21]. In this scenario, it is the activation of this

pathway that results in the need for ever higher levels of

cocaine to induce the same reinforcing properties.

Strong support for the existence of this pathway was

provided by a gene transfer study by Eric Nestler et al.,

pioneers in the study of the neurobiology of addiction [22].

The investigators constructed HSV-1 vectors expressing

either CREB (plus reporter gene), a dominant negative

mutant of CREB (plus reporter), or reporter gene alone.

Thus, part of the strength of this study was its bidirectional

design, in that one could test the consequences of over-

expression of CREB above normal levels (with the HSV-

CREB), and of blocking the actions of endogenous CREB

(with the HSV-mutant CREB). Laboratory rats were exposed

to cocaine in a place conditioning protocol, in which the

rewarding properties of the drug are reflected in the extent to

which the animal subsequently returns to the location that it

was in when exposed to the drug. In this paradigm, over-

expression of CREB reduced the rewarding properties of

cocaine, while the mutant CREB enhanced reward (Fig. 2).

The authors then confirmed that the downstream effects of

the CREB manipulation required the dynorphin/n opioid

receptor pathway.

Substance abuse researchers have also come to appreciate

the extent to which the rewarding properties of a drug are
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context dependent [23]. As a striking example, a former

substance abuser might experience intense cravings only

when in a setting associated with previous drug use. This

implies that a large component of addictiveness involves an

association of drug use with a particular context. As a likely

explanation for this phenomenon, the hippocampus and

prefrontal cortex send glutamatergic projections into the

VTA. Furthermore, exposure to a substance of abuse (even

a single exposure, in the case of cocaine) will induce long-

term potentiation of the glutamatergic projection onto the

dopaminergic VTA neurons [24].

This pathway was manipulated in an additional gene

transfer study by the same group that did the CREB study

[25]. In this case, an HSV vector was used to overexpress the

GluR1 subunit of the glutamatergic AMPA receptor (plus

reporter gene) in dopaminergic neurons in the VTA. This

particular subunit was chosen because of prior evidence

showing that GluR1 plays a key role in LTP and the fact that

repeated exposure to morphine boosted GluR1 expression in

the VTA (without altering expression of other AMPA sub-

units). Thus, this was likely to facilitate the ability of these

neurons to respond to contextual information (manifested in

the form of hippocampal and/or cortical inputs to the VTA).

As controls, vectors were constructed expressing either

reporter alone or the GluR2 subunit plus reporter (this

subunit was seemingly chosen because there are no data

implicating it in LTP in the VTA). The authors first showed

that HSV-GluR1 potentiated the well-characterized ability of

morphine to stimulate locomotion in rats (with the other

vectors having no effect). Then, critically, the authors

showed that HSV-GluR1 selectively enhanced the rewarding

properties of morphine; specifically, a low dose of the drug

that was unable to condition a place preference in other

animals did so robustly in HSV-GluR1 infected animals

(Fig. 3).
Fig. 3. Ability of a threshold dose of morphine to establish a conditioned

place preference. Injection into the VTA of a vector expressing GluR1-

enhanced preference. From Ref. [25].
Thus, gene transfer approaches targeting either an intra-

cellular signal transduction cascade, or altering the sensitiv-

ity of neurons to a neurotransmitter, could dramatically alter

the rewarding property of an addictive substance.

3.3. Example 3: gene transfer facilitating male affiliation

Few subjects are as interesting to the behavioral neuro-

scientist (let alone the lay public) and are more centered in

function of the limbic system than understanding issues of

sexual attractiveness, receptivity, and fidelity in social spe-

cies. Not surprisingly, there are dramatic differences among

species as to their patterns of affiliation and sexual behavior.

Sociobiologists and behavioral ecologists have delineated a

variety of ecological, demographic, and physiological vari-

ables that predict quite well whether a particular species will

be characterized by monogamy or polygamy [26].

Progress has been made in understanding the neurobio-

logical bases of these differences. Much of the work has

concentrated on voles, where closely related species differ

markedly in their propensity towards monogamy and pair

bonding (reviewed in Ref. [27]). A key prerequisite for the

formation of a pair bond, in species and circumstances where

it does occur, is the release by the male of the neuropeptide

arginine vasopressin (AVP). As the strongest evidence,

pharmacological blockade of the V1a AVP receptor

(V1aR) by central administration of a receptor antagonist

blocks mating-induced pair-bond formation [28,29], while

central infusion of AVP facilitates pair-bond formation, even

in the absence of mating [28].

The anatomical distribution of V1aR differs between male

voles species that are consistently polygamous and those that

tend towards pair bonding, with the latter having high

concentrations of receptor in the ventral pallidum [30]. There

are close associations between the ventral pallidum and the

VTA and nucleus accumbens, and there is evidence linking

the ventral pallidum to reward. Prompted by this, it was

hypothesized that repeated mating in the male elevates levels

of AVP, increases V1aR occupancy in these reinforcement

pathways, and in some manner, facilitates pair-bond forma-

tion through this route.

This idea was tested in a gene transfer study carried out by

Thomas Insel et al., leaders in this area of research [31].

Using an adeno-associated viral vector, they overexpressed

V1aR (along with reporter) in the ventral pallidum (V1aR-

VP) of prairie vole males who tend towards pair bonds.

Controls involved overexpression of V1aR (plus reporter;

V1aR-CP) in an unrelated brain region (the caudate puta-

men) or a vector expressing reporter alone. Introduction of

the V1aR vector approximately doubled receptor levels in

the ventral pallidum in V1aR-VP males and caused roughly a

fivefold increase in the caudate putamen in V1aR-CP males.

Overexpression in the former, but not the latter, facilitated a

number of measures of affiliation. When placed with a novel

juvenile male, V1aR-VP animals huddled with them signif-

icantly more than did males in the other groups. The most



R.M. Sapolsky / Physiology & Behavior 79 (2003) 479–486484
striking finding concerned a partner preference test, a model

for the emergence of the pair bond. In it, a male is given a

choice between spending time with a novel female or a

female with whom he is previously familiar. Typically,

preference for the known female only occurs if the male

had previously spent approximately a day with her and had

mated. In this case, the male had spent less time, and had not

mated, as the females were non-estrous. As expected, males

treated with either control vector showed no partner prefer-

ence, whereas V1aR-VP males demonstrated a striking

preference (Fig. 4).

A finding such as this paves the way for an even more

dramatic experiment, namely testing whether V1aR over-

expression in VP could convert a polygamous male vole into

one with a strong propensity towards monogamy; this has

not yet been done (Insel, personal communication). The

present study demonstrates that gene transfer can be used

to lower the threshold for eliciting affiliative behavior in a

mammal and, more broadly, that gene transfer can alter a

complex social behavior.

3.4. Example 4: gene therapy sparing hippocampal synaptic

plasticity from stress

Stress (i.e., challenges to psychological and/or physical

homeostasis) has complex effects on cognition and its likely

neural substrates. Prolonged and severe stress can impair

hippocampal-dependent declarative memory (reviewed in

Ref. [32]) while facilitating aspects of amygdala-dependent
Fig. 4. The effects of V1aR gene transfer on affiliative behavior in male

prairie voles. After a 17-h cohabitation with a nonreceptive female, males

overexpressing V1aR in the ventral pallidal area exhibited a partner pre-

ference. This was not observed in animals receiving either reporter gene alone

or overexpressing V1aR in the caudate/putamen. From Ref. [31].
fear conditioning (reviewed in Refs. [33,34]). In the hippo-

campus, the adverse effects of stress can arise from disrup-

tion of LTP, atrophy of dendritic processes, and at an

extreme, overt neurotoxicity [35,36]. In addition, stress can

inhibit neurogenesis in the adult hippocampus; whether such

neurogenesis is a prerequisite for any types of learning is

highly controversial [37].

The secretion of glucocorticoids plays a central role in

some of the adverse effects of stress on the hippocampus.

This structure is a prime target site in the brain for gluco-

corticoids, with ample levels of corticosteroid receptors.

Broadly, there is an ‘‘inverse U’’ nature to glucocorticoid

effects in the hippocampus. Specifically, levels below the

physiological range disrupt cognition, while levels in the

basal to mild stress range enhance it, and high stress levels

disrupt it [38]. The disruption at these high glucocorticoid

levels mimics the effects of stress upon declarative memory

tasks, LTP, dendritic processes, and neurogenesis, and there

is now considerable understanding as to the mechanisms

mediating these effects.

These adverse effects of high stress levels of glucocorti-

coids prompted the development by my laboratory of an

‘‘anti-glucocorticoid’’ gene therapy approach. In one ver-

sion, we have constructed an HSV-1 vector overexpressing

11b-hydroxysteroid dehydrogenase-2, a renal enzyme that

unidirectionally degrades glucocorticoids. In the second

version, we have constructed an HSV-1 vector overexpress-

ing a dominant negative mutant of the glucocorticoid recep-

tor, one that dimerizes with and neutralizes the effects of

activated wild-type glucocorticoid receptor. In both cases,

the strategy is to block the disruptive effects of glucocorti-

coids during stress.

In pilot studies, we observe that these vectors block

glucocorticoid action in cultured hippocampal neurons,

from the standpoint of blocking glucocorticoid-induced

translocation of the glucocorticoid receptor, blocking ge-

nomic effects of the hormones, and blocking the endanger-

ing effects of the hormone on neuronal survival [in

preparation]. Moreover, we observe that this gene therapy

approach spares synaptic plasticity. We generated hippo-

campal slices from intact, undisturbed laboratory rats or

rats treated with high physiological levels of glucocorti-

coids for 2 days. We tested for primed-burst potentiation in

the stratum granulosum and observed that this form of

plasticity was disrupted by glucocorticoids, in agreement

with prior studies [38]. We then observed that the vector

overexpressing 11b-hydroxysteroid dehydrogenase signifi-

cantly protected from this glucocorticoid effect (Fig. 5;

unpublished data).

Thus, a gene transfer strategy can be used to protect the

hippocampus from the adverse effects of experience.

Studies are currently underway with the vector expressing

the dominant negative mutant, as well as testing the

protective effects of both vectors in spatial maze perfor-

mance. Moreover, as discussed, it is possible to construct

vectors that contain a glucocorticoid-responsive element in



Fig. 5. Overexpression of the glucocorticoid-degrading enzyme 11b-

hydroxysteroid dehydrogenase-2 blocks the disruptive effects of glucocor-

ticoids on hippocampal plasticity. Hippocampal slices were prepared from

adrenalectomized rats treated for 3 days with either vehicle or rat

glucocorticoid corticosterone (in the upper stress range). In slices injected

with control vector, the glucocorticoids attenuated primed-burst potentia-

tion, whereas this was blocked in the 11b-HSD slices (Dumas et al.,

in preparation).
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the promoter and are thus stress inducible [7]; such a

promoter is now being included into these vectors, to achieve

inducibility.
4. Conclusions

This brief review was meant to highlight some of the

recent studies that have altered limbic function through gene

transfer techniques. It is not meant to be exhaustive, for

example, some studies have used this technology to alter

anxiety-related behavior and physiology through overex-

pression of proenkephalin in the amygdala [39] or by

decreasing V1aR levels with an antisense strategy in the

septum [40].

The capacity to alter gene expression in the limbic system

is a potent heuristic tool for further understanding of limbic

function. And obviously, such technology raises the potential

of altering limbic function in a therapeutic manner. Advances

in this realm would be truly welcome; vast numbers of

individuals suffer from affective or anxiety disorders whose

origins are in limbic dysfunction. Moreover, the neurobiol-

ogy of one of society’s worst ills, violence, is anchored in the

limbic system. However, the potential for gene therapy

against behavioral disorders centered in the limbic system

raises a number of questions.

First, what are the advantages of this novel approach as

compared to more traditional techniques such as pharmaco-

logical manipulations, lesions, or the generation of transgenic

or knockout animals? Transgenic and knockout approaches

are obviously limited to laboratory animals. With the older

versions of those approaches, the overexpression or elimina-

tion of a gene is lifelong and throughout the body, in contrast
to the transient and local manipulations of the gene therapy

approaches reviewed in this paper. Thus, depending on the

particular topic, one approach can be preferable to the other. It

should be noted that newer transgenic and knockout techni-

ques allow manipulations that can be restricted to only

specific organs or cell types in the body (including subregions

of the brain), and only at certain times. However, transgenic/

knockout approaches are generally more difficult than the

gene therapy techniques.

In the case of lesioning approaches (which are almost

entirely restricted to experimental, rather than clinical

settings), the obvious differences from gene therapy are

the permanence and magnitude of the effects of a lesion;

altering the function of a single gene within a group of cells

is not equivalent to destroying those cells. Broadly, lesion-

ing approaches are likely to be more useful earlier in the

progression of gaining knowledge about the function of a

particular region of the brain, with gene therapy represent-

ing a later, more focused intervention. Finally, pharmaco-

logical approaches have the technical advantage of being

far easier than gene therapy, and with at least equal

temporal control. Thus, in the approach of blocking the

adverse effects of glucocorticoids with gene therapy, it

might be easier to simply administer one of the many

drugs developed that can block glucocorticoid synthesis or

block corticosteroid receptors. However, some aspects of

the glucocorticoid-mediated stress response are actually

highly adaptive amid the deleterious effects of the hormone

in the hippocampus [41]; therefore, one would not want to

eliminate glucocorticoid actions throughout the body dur-

ing stress. The problem there illustrates the biggest differ-

ence between a pharmacological and gene therapy

approach, which is the difficulty of carrying out pharma-

cological manipulations in only a single organ or region of

the brain.

Second, is gene therapy within the limbic system feasi-

ble at any point in the near future? Clearly not. Gene

therapy, amid its tremendous promise, has been quite

disappointing in clinical medicine. This is both because

relatively few clinical trials have actually been effective and

because the approach carries some nontrivial dangers for

subjects. As one example, gene therapy against a severe

immunodeficiency disorder in children, one of the few

efficacious bright spots in the field, has been shown

recently to cause leukemia in a significant subset of the

treated children [42].

Finally, would such gene therapy be ethical? The ca-

pacity to alter human limbic function in any manner is rife

with ethical pitfalls. Being healthy, it has been said,

consists of having the same diseases as everyone else. This

underlines the extent to which disease can be a social

construct and how a disease label is a call to fix something

that may not be broken. Never is this more the case than

when it comes to the brain and behavior. Thus, work in this

immensely exciting new field must come with caution and

reflection.
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