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Potential Uses 

Several techniques have been developed 
that allow the introduction of recombinant 
DNA molecules into the cells of the nervous 
system. These methods include DNA uptake 
(transfection), microinjection of DNA, and in- 
fection with viral vectors. Gene transfer can be 
used for two general purposes: (1) To evaluate 

the regulation and function of a cloned gene 
following its modification and introduction 
into different cell types. Such studies include 
the definition of the regulatory elements that 
control levels of gene expression, alternate 
modes of RNA splicing, post-translational pro- 
cessing of peptides, sorting of proteins to their 
appropriate cellular locations, and biological 
activities of proteins. (2) To modify cells of the 
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nervous system in culture and in vivo. Such 
studies involve analysis of cell lineage, altera- 
tion of phenotypic properties, and ablation of 
specific cell populations, as well as creation 
and correction of hereditary disease states (see 
Table 1). Gene transfer techniques can thus be 
used as a tool in understanding molecular as- 
pects of the development, function, and sur- 
vival of cells in the nervous system. This re- 
view is intended to spark interest in this new 
approach and to bring together relevant infor- 
mation from several fields. 

Gene transfer technology will be useful to 
investigators in many different fields of the 
neurosciences. To the neurochemists perhaps 
the most immediate applications are in eluci- 
dating the processing of neural peptides and 
the functional domains of proteins. Cloned 
cDNA or genomic sequences for neural pro- 
teins can be introduced into different cell types 
in culture to study cell type-specific differences 
in processing and cellular fate~ By placing the 
coding sequences under  the control of a strong 
promoter, a substantial amount of the protein 
can be made, thus avoiding difficulties in char- 
acterizing trace amounts. Furthermore, the 
specific residues involved in protein process- 
ing, intracellular sorting, or biological activity 
can be determined by mutational changes in 
discrete residues of the coding sequence. 

To the neurophysiologist interested in anal- 
ysis of the function of neural proteins, gene 
transfer provides a method to control expres- 
sion of a protein and assess its modulation of 
cellular events. Some functions of neural pro- 
teins, such as their rote in differentiation, may 
be studied in tissue culture, whereas others 
will require reintroduction into the nervous 
system at different times in development or 
aging to monitor changes in receptor density, 
cell number, fiber growth, electrical activity, 
and other relevant properties. 

To the molecular biologist, gene transfer 
provides a means to study the DNA sequences 
and cellular factors that regulate expression of 
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TABLE 1 

Why Transfer Genes into Nervous System 

Elucidate regulatory elements of genes 
Study action and functional domains of 

neural proteins 
Mark cells during development 
Kill or transform select cell populations 
Therapy for defective genes 
Create animal models for neurologie diseases: 

dominant disease genes and antisense 
blockade 

neural specific genes. Often the experimental 
approach is to fuse the regulatory elements to 
be studied to a reporter gene and subsequently 
assay for expression of the reporter gene. Reg- 
ulation of gene expression takes place in vivo, 
in maintaining homeostasis and probably in 
mediating information retention in response to 
external and internal signals (Black et al., 1987). 
During development, coordinate regulation of 
gene expression serves to produce a differenti- 
ated phenotype, e.g., as in catecholamine me- 
tabolism and myelin biosynthesis. Regulation 
depends on many factors including chromatin 
structure, DNA methylation, and transacting 
factors, which respond to phosphorylation, 
hormones, and other signals. It is a complex 
process that allows sets of genes to be ex- 
pressed together or differentially, and may 
involve a combinatorial code of regulatory se- 
quences. 

For the cellular and developmental neurobi- 
ologist, issues of cellular fate and interactions 
in the nervous system can be addressed by 
gene transfer. A particularly active area of re- 
search has been the introduction of genes that 
encode histological markers  into embryonic 
cells to determine lineage relationships during 
development and to elucidate neuronal path- 
ways. In addition, genes encoding growth fac- 
tors, oncogenic proteins, toxic peptides, or 
other physiologically important proteins, can 
be introduced into specific areas of the nervous 
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system to study their effects on cell division, 
survival, and differentiation. For some studies, 
gene transfer or gene expression must be re- 
stricted to specific cells in the nervous system. 
The means to do this has not been resotved but 
possible approaches using tissue-specific pro- 
moters and cell targeting are discussed below. 

Finally a discussion of gene transfer would 
not be complete without considering its poten- 
tial use in understanding and providing ther- 
apy for disease states. There are a number of 
inherited neurologic diseases in which defec- 
tive genes are known and have been cloned. In 
some cases the function of these cloned genes is 
known, in others not. In humans, genes for 
defective enzymes have been identified for 
several lysosomal storage diseases (e.g., beta 
hexosaminidase, Korneluk et al., 1986; Myero- 
witz et aL, 1985; and glucocerebrosidase, Sorge 
et al., 1985; Tsuji et al., 1987); the Lesch-Nyhan 
syndrome (HPRT; Stout and Caskey, 1985); 
amylo id  po lyneuropa th i e s  (prealbumin,  
Sasaki et al., 1984); Alzheimer amyloid (Tanzi 
et al., 1987; Goldgaber et al., 1987), Duchenne's 
muscular dystrophy (uncharacterized muscle 
protein; Monaco et al., 1986), and retinoblas- 
toma (uncharacterized protein expressed in the 
retina and other tissues, Lee et al., 1987; Friend 
et al., 1986); and in mice for the shiverer (myelin 
basic protein, Roach et al., 1987; Molineaux et 
al., 1986) and jimpy (proteolipoprotein, Nave et 
al., 1986; Hudson et al., 1987) mutations. These 
diseases fall into two classes: deficiency states, 
usually of enzymes, which are inherited in a 
recessive manner; and unbalanced states, at 
least sometimes involving structural or regula- 
tory proteins, which are inherited in a domi- 
nant manner. For deficiency states gene trans- 
fer could be used to bring a normal gene into 
affected tissues for replacement therapy, as 
well as to create animal models for the disease 
using antisense mutations. For unbalanced 
states gene transfer could be used to create the 
disease state in a model  system and attempt to 
counteract its effects. The possibility of site- 
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specific integration of DNA sequences to cause 
mutations and correct defects is also under 
study (Thomas and Capecchi, 1986). 

Issues to be Resolved 

Defivery into the Nervous System 

If a gene is to be delivered to every cell of the 
entire organism, including the nervous system, 
the most effective means is through introduc- 
tion into preimplanation mouse embryos and 
subsequent propagation of transgenic pedi- 
grees (Fig. 1). For these studies microinjection 
of DNA or infection with viral vectors is pos- 
sible. For more limited delivery in post-im- 
plantational embryos it is possible to inject vi- 
ral vectors into the amniotic sac before the neu- 
ral tube has dosed (Calof and Jessell, 1986) or 
directly into the brain (Sanes et aL, 1987). Here 
transfer will occur into a number of different 
progenitor cells and hence into all their prog- 
eny. Delivery into cells of the nervous system 
after birth presents complications because of its 
relative inaccessibility, diversity of cell types, 
and postmitotic state of mature neurons. Here 
viral vectors should provide effective and di- 
versified means of delivery. 

A virus vector is one in which the gene to be 
transferred is fused to a subset of viral sequen- 
ces and encapsulated in a virus particle or vir- 
ion. The infective properties of this virion are 
the same as those containing the wild type viral 
genome. Perhaps the four most important con- 
siderations of the virus vector are that: the vec- 
tor will only be delivered into cells that can be 
either abortively or productively infected by 
the wild-type virus; if the virus is capable of 
persisting in cells for extended periods of time 
without causing cell death, then the vector may 
be maintained and expressed in cells for long 
periods of time; if the viral fusion gene exists as 
double stranded DNA in the nucleus of a cell, 
then its promoter(s) may retain appropriate re- 
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Fig. 1, Procedure for producing transgenic mice. Immature albino females were superovulated and mated 
to males homozygous for the wild-type allele at the albino locus. One-cell embryos at the pronuclear stage of 
development (d I of gestation) were removed from the oviducts, after which one of the pronudei  was micro- 
injected with recombinant plasmid DNA in solution. Embryos were then reimplanted into the oviducts of the 
albino females rendered pseudopregnant by mating with albino vasectomized males. The pigmentation 
markers were employed to eliminated the possibility of the embryos giving rise to live young from oocytes fer- 
tilized by spermatozoa from inadequately vasectomized males. In this scheme, such embryos would be of the 
albino pigmentation phenotype. Mter normal delivery, pigmented mice were evaluated by Southern blot hy- 
bridization for the presence o f microinjected DNA. Reprinted with permission from Gordon and Ruddle, 1985. 

sponses to transacting regulatory factors; and 
the size of the gene(s) to be transferred will be 
limited by the size of the viral genome. The 
ability of a virus vector to infect cells in tissue 
culture or in vivo will be determined by prop- 
erties of the cells, the virus, and genetic ele- 
ments in the vector. 

Several features of viral infections can be 
used to manipulate dehvery of genes. (1) The 
viral particle itself may attach to and be taken 
up by essentially all cell types, e.g., retrovirus, 

herpes simplex, and vaccinia, or may demon- 
strate cell selective entry through binding to 
specific cell surface molecules, e.g., rabies virus 
to the nicotinic acetylcholine receptor (Lentz et 
al., 1986), reovirus to the beta-adrenergic re- 
ceptor (Co et al., 1985), and poilovirus to a pro- 
tein enriched in the synaptosomal fraction 
(Brown et al., 1987). Once inside the celt, virus- 
es have developed special means to avoid cel- 
lular degradation of their nucleic acids. For 
example, the Semliki Forest virus particle con- 
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rains a protein that allows it to be expelled from 
lysosomes by virtue of the low pH encountered 
there (Mellman et al., 1986). (2) Viruses dem- 
onstrate different modes of reproduction. 
Some DNA viruses replicate as autonomous 
elements in the cytoplasm (e.g., vaccinia) or 
nucleus (e.g., papilloma). Vectors derived 
from these viruses may be especially effective 
in producing high level, transient expression of 
transferred genes. Other RNA and DNA virus- 
es integrate into the host cell genome and reph- 
cate with it. These are more stabty expressed in 
cell progeny but levels of expression will be 
affected by the site of integration. (3) Viruses 
may replicate or be maintained preferentially 
in certain cells. Many viruses are neurotrophic, 
e.g., reoviruses, herpes simplex, some retro- 
viruses, and poliovirus. Features that confer 
neural selectivity are under study. In the fu- 
ture, as sequences encoding various viral de- 
terminants are elucidated it may be possible to 
control cell entry, DNA replication and expres- 
sion of transferred genes by attaching together 
different ~mctional cassettes and packaging 
them in appropriate viral particles. 

The best means to introduce the vectors into 
the nervous system has yet to be determined. 
Possible means include injection of virus or 
genetically altered cells (Fig. 2; Gage et al., 
1987; Selden et al., 1987), and delivery of ceils 
or virus through the circulation, CSF, or nerve 
endings. Stereotaxically guided injection 
should allow accurate delivery of virus or cells 
to selected areas. One limitation will be the 
volume that can be injected without seriously 
disrupting brain functions, about 1-10 ~tL in an 
adult brain. If the virus vector cannot be repli- 
cated in vivo, then the number of cells receiv- 
ing the vector will be limited by the number of 
infectious particles in the inoculum. For ex- 
ample, with a virus stock containing 106 plaque 
forming units (pfu)/mL, an injection of 5 ~tL 
would contain about 5 x 103 pfu, only a portion 
of which would effect gene transfer. Thus, 
several hundred to a thousand cells might ex- 
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press the transferred gene, if there was no fur- 
ther cell proliferation. This type of dehvery 
would be suitable for experiments in which 
gene transfer to a small number of neural cells 
is desired. Injections could be done near cell 
bodies or nerve terminals. In the latter case 
retrograde transport mechanisms might be 
exploited to deliver the genes back to the cell 
nucleus. In the peripheral nervous system it 
might be possible to gain entry to neurons 
through nerve endings on the skin, gut, or 
blood vessels. Alternately, a helper virus could 
be included in the injection that would result in 
production of progeny virus in vivo and thus 
spread infection. However, such a helper virus 
might have deleterious effects on the nervous 
system; and this might confound interpreta- 
tion of the effects of transferred genes. Alter- 
nately, the inoculum could contain cells that 
had been geneticaly altered in culture. About 
106 cells could be dehvered in a 10 btL volume. 
Advantages of this approach are that gene 
transfer could be carried out on dividing cells 
under optimal conditions and successful gene 
recipients could be selected. Cell candidates 
would include embryonic neuroblasts and 
supporting cells, such as Schwann cells or as- 
trocytes. Once introduced back into the nerv- 
ous system some of these might continue to 
proliferate and/or  migrate, thus spreading the 
transferred signal over a wider range of the 
nervous system. This approach has the advan- 
tages and disadvantages of cell transplantation 
studies. Third, where gene transfer into many 
cells of the central nervous system is desired, 
viral vectors could be introduced into the cere- 
brospinal fluid of brain ventricles or spinal 
cord, or even into the bloodstream with tempo- 
rary disruption of the blood-brain barrier 
(Brady, 1983). 

Expression in the Nervous System 
The expression of transferred genes can be 

constitutive in all cells, limited to specific cell 
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Fig. 2. Grafting o f genetically modified cells to the CNSo Established cell lines or primary celt cultures are 

genetically altered by  transfection or infection with a viral vector. Cells expressing the exogenous gene are 
enriched or cloned in culture on the basis of growth selection or expression of a marker protein. Expression of 
the exogenous genes in recipient cells is characterized in vitro. The "transgenic" cells are injected intracerebrally 
into rats and uninfected control cells are injected contralaterally. Sometime later, e.g., 1 wk to 3 too, rats are 
sacrificed and the brains are examined histologically to evaluate cell survival, and grafted regions are dissected 
out to evaluate expression of the exogenous gene. In addition, portions of the graft are recul tured and continued 
presence and expression of the transgenes is determined. Reprinted with permission from Gage et al., in press. 
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types, and/or  responsive to selective signals 
depending on regulatory elements attached to 
it. What little is known about the transcrip- 
tional regulatory elements of genes expressed 
in the cells of the CNS is consistent with the 
behavior  of t ranscr ip t ional  regulatory 
elements in other systems. A brief review of 
basic concepts is provided here. Eucaryotic 
genes are transcribed by one of three RNA 
polymerases that have been defined by their 
differential sensitivities to the drug alpha- 
amantin. RNA polymerase I transcribes pri- 
marily ribosomal RNA genes; RNA polym- 
erase II transcribes single copy genes encoding 
the proteins familiar to neurochemists; and 
RNA polymerase III transcribes primarily 
tRNA and 5S ribosomal genes. This section 
will be concerned with the regulation of genes 
transcribed by RNA polymerase II. 

There are two broad categories of genetic 
elements that regulate the initiation of trans- 
cription, termed promoters and enhancers. 
Promoters determine the site of initiation of 
transcription by RNA polymerase II. Promot- 
ers contain a transcriptional start site (cap site), 
a TATAA box, and often a CAAT sequence. 
Their structure has been reviewed recently 
(Buchner and Trifonov, 1986). Enhancers are 
elements that regulate the rate of transcription 
through their action on a promoter. Enhancers 
must be present on the same molecule of DNA 
as the promoter with which they interact, but 
they can function at a distance of up to several 
kb away from it and in an orientation indepen- 
dent manner (reviewed by Khoury and Grass, 
1983; Serfling et al., 1985). The recently postu- 
lated "silencer" element has the same proper- 
ties as an enhancer except it acts to reduce rath- 
er than increase the rate of transcription (Lar- 
sen et al., 1986). Either the promoter, the en- 
hancer, or both may contain elements that de- 
terrnine cell type specific expression, temporal 
specific expression during development, and 
responses to extra- and intracellular stimuli. 

It is not yet clear whether genes selectively 
active in neural cells contain common regula- 
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tory elements. One candidate element has 
been identifier (ID) sequences~ These are mod- 
erately repetitive elements 72 bp in size that re- 
side within the introns or flanking sequences of 
some genes. A subset of them appear to be 
transcribed by RNA polymerase III as well as 
RNA polymerase II. Transcripts of ID sequen- 
ces can be found in the cytoplasm of neural 
cells (for review, see Chikaraishi, 1986). In initi- 
al studies, two such transcripts were found to 
be expressed shortly after birth in the brain and 
not in other tissues. This led to the hypothesis 
that these repeat elements and their RNA tran- 
scripts might have a role in regulating brain- 
specific expression of genes (Sutcliffe et al., 
1984). Since these initial observations, data 
have emerged that both support and weaken 
this hypothesis. On the positive side, the cyto- 
plasmic presence of some, but not all, tran- 
scripts from such elements is brain-specific. 
Further, when ID sequences are linked to re- 
porter sequences under the control of constitu- 
tively expressed viral enhancer and promoter 
sequences, they increase transcription of these 
genes in cells that contain cytoplasmic ID tran- 
scripts, and not in cells that do not contain 
them (McKinnon et al, 1986). On the negative 
side these ID sequences occur in the introns of 
nonneural as well as neural genes; among spe- 
cies the numbers of these sequences in the ge- 
nome varies dramatically and they are not 
highly conserved; and neural specific tran- 
scripts are expressed in cultured lines of non- 
neural cells. Further work is needed to estab- 
lish whether ID elements will prove useful in 
regulating expression of genes transferred into 
the nervous system. 

Neural regulatory elements can be used to 
effect selective expression of genes in the ner- 
vous system. First, short-term temporal regu- 
lation could be obtained with defined elements 
that mediate responses to second messages. 
Genetic elements mediating responses to cyclic 
AMP and glucocorticoids have been defined in 
5' flanking components of some neural genes. 
Second, long term cell-type specific regulation 
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can be obtained using cell-type specific pro- 
moters from either viruses or cellular genes. 
For example, the human papovavirus JC, 
which causes progressive multifocal leu- 
koencephalopathy, contains a 98 base pair re- 
peat sequence that increases expression of JC 
genes in glial cells (Kenny et aL, 1984). Simi- 
larly, sequences within the long terminal re- 
peats (LTRs) of retroviruses can serve to en- 
hance the i r  express ion in the CNS 
(DesGroseillers et al., 1985). Other "neuro- 
trophic" viruses may also utilize such reg- 
ulatory elements. Neural genes contain ele- 
ments that limit and regulate their expression. 
Such regulatory elements usually tie within I 
kb 5' to the promoter sequence, but may occur 
further away in 5' sequences as well as in in- 
trons and 3' flanking sequences. As more neu- 
ral genes are cloned and characterized, more 
genetic regulatory elements specific to neural 
cells will be available, e.g., some regulatory 
elements of the genes for glial fibrillary acidic 
protein (Lewis et al, 1987) and $100 (Kuwano et 
al., 1984) should be selective for astrocytes; 
myelin basic protein (Roach et al., 1987) for oli- 
godendrocytes; neurofilaments for neurons, 
some neuropeptides (e.g., neuropeptide Y., 
Minth et al., 1984; Larhammer et al., 1987), ty- 
rosine hydroxylase (Lewis et al., 1987), or the 
beta-adrenergic receptor (Dixon et al., 1986) for 
select neuronal populations (Table 2). 

Progress to Date 

DNA Mediated Gene Transfer 
A number of methods have been developed 

to introduce (transfect) either genomic or 
cloned DNA sequences into cells. These in- 
clude coprecipitation with calcium phosphate 
(McBride and Peterson, 1980; Klobutcher and 
Ruddle, 1981), treatment with DEAE dextran 
(Camper et al., 1985), microinjecfion, and elec- 
troporation (Potter et al., 1984). For transfec- 
tion of cells in culture calcium phosphate pre- 
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cipitation and electroporation have proven to 
be the most effective. The efficiency of the cal- 
cium phosphate technique can be increased 
with glycerol (Parker and Stark, 1979) and 
chloroquine (Luthman and Magnusson, 1986). 

DNA transfection can be used either in a 
transient assay system for expression of genes 
within several days, or for isolation of trans- 
formants that have stably incorporated the 
transferred DNA into their genome. The tran- 
sient method takes advantage of the fact that a 
relatively large portion of cells (1-50%) will 
take up and express the foreign DNA for a 
short period of time. With the long-term ap- 
proach only a few cells (10~-10 6) will undergo 
stable transformation. However, if a selectable 
marker is included it is possible to clone and 
propagate these transformants, most of which 
will also retain the transferred nonselectable 
gene of interest. Selectable markers include 
hypoxanthine-guanine phosphoribosyltrans- 
ferase (HPRT; Graf et al., 1979); adenosine 
phosphoribosyltransferase (APRT; Wigler et 
al., 1979a), dihydrofolate reductase (DHFR; 
Wigler et al., 1979b; Subramani et al., 1981) and 
HSV-1 thymidine kinase (TK; Wigler et al., 
1977), all of which require introduction into 
mutant cells lacking the corresponding en- 
zyme. Dominant selectable markers, in con- 
trast, can be used with most wild-type cells; 
these include the bacterial enzyme xanthine- 
guanine phosphoribosyltransferase (XGPRT; 
Mulligan and Berg, 1981) and those conferring 
resistance to neomycin (neo; Colbere-Grapin et 
al., 1981; Southern and Berg, 1982) and hygro- 
mycin (Bernard et al., 1985). Use of a methot- 
rexate-resistant allele of the DHFR gene can be 
used to amplify it as well as adjoining DNA se- 
quences by progressively increasing methot- 
rexate levels in the medium (Choo et al., 1986). 

Given the low efficiency of DNA-mediated 
gene transfer and difficulties of microinjection 
into somatic cells, it seems unlikely that these 
methods will prove useful for gene transfer in 
vivo. There is a report (Dubensky et al., 1984), 
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TABLE 2 

Some Cloned Neural Proteins (References indicated in parentheses) ~ 

Actin (1) 
Beta-adrenergic receptor (2) 
Calcitonin gene-related peptide (1) 
Calmodulin(t) 
Cholecystokinin (1) 
Cholinesterase (3) 
Corticortropin-releasing factor (1) 
Dynorphin (1) 
Enkephalin (I) 
Epidermal growth factor (1) 
Epidermal growth factor receptor (1) 
GAP-43 (4) 
Glial fibrillary acidic protein (20) 
GABA receptor (5) 
Glutamic acid decarboxylase (6) 
Glycine receptor (7) 
Growth hormone-releasing factor (I) 
Monoamine oxidase A (8) 
Muscarinic acetylcholine receptor (18) 
Myelin associated glycoprotein (MAG) (21) 
Myelin basic protein (1) 
N-CAM (10) 
Nerve growth factor (1) 

beta-subunit 
gamma-subunit 

Nerve growth factor receptor (15) 
Neurofilaments (11) 
Neuroleukin (12) 
Neuron-specific enolase (I3) 
Neuropeptide Y (14) 
Nicotinic acetylcholine receptor (1) 

alpha-subunit 
beta-subunit 
gamma-subunit 
delta-subunit 

Potassium A-channel (22) 
Phenyle thanolamine-N-methyltransferase (1) 
Prolactin (1) 
Pro-opiomelanocortin (1) 
Proteolipoprotein (16) 
$100 (9) 
Sodium channel (23) 
Somatostatin (1) 
Substances P and K (1) 
Tubulin (1) 

alpha-subunit 
beta-subunit 

Tyrosine hydroxylase (1) 
Vasoactive intestinal peptide (17) 
Vasopressin, arginine (1) 

"To save space, references published previously can be found in (1) (Rosenberg et al., 1985). Other representative 
original references are: (2) Strader et al., 1987; Dixon et al., 1986; (3) Prody et al., 1987; (4) Basi et al., 1987; (5) Schofield et al., 
1987; (6) Kaufman et al., 1986; (7) Grenningloh et al., 1987; (8) Hsu et al., in press (9) Kuwano et al., 1984; (10) Hemperley et 
al., 1986 (11) Robinson et al., 1986; Lewis and Cowan, 1985; Julien et aL, 1987; (12) Gurney et al., 1986; (13) Forss-Petter et al., 
1986; (14) Minth et al., 1984; Larhammar et aL, 1987; (15) Chao et al., 1986; Radeke et al., 1987; (16) Milner et al., 1985; (17) 
Tsukadas et al., 1985; (18) Kubo et al., 1986; (19) Kuwano et al., 1984; (20) Lewis et at., 1984; and (21) Bloom et al., 1985; (22) 
Papazian et aL, 1987; and (23) Noda et al., 1984. 

however ,  of successful  ca lc ium-phosphate-  
med ia t ed  gene transfer  into mouse  spleen and  
liver us ing  po lyoma  vi rus  DNA and a poly- 
oma-p lasmid  DNA construct .  Both resulted in 
active viral infections. 

DNA-med ia t ed  gene  transfer has been used  
to clone genes,  s t udy  process ing and  release of 
pept ide  hormones ,  a n d  analyze genetic regula- 
tory elements.  For c loning purposes,  genomic 
DNA or a cDNA library, p repared  from RNA 
isolated f rom cells that  express the mRNA, is 
in t roduced  into a con t inuous  cell line, which 

does not  normal ly  express the gene p roduc t  of 
interest~ Cells that express the gene are iso- 
lated either by genetic selection or by screening 
for the desi red gene p roduc t  us ing a wide  
range of me thods  including biochemical  and  
electrophysiological  assays, l igand binding,  
and  ant ibody recognition. The cells containing 
the gene are p ropaga ted  and  the gene is iso- 
lated and  identified. For example,  the h u m a n  
nerve growth  factor receptor  gene was isolated 
by t ransforming mouse  fibroblast L cells with  
h u m a n  genomic  DNA and  screening for ex- 
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TABLE 3 

Homology in 5' Flanking Regions of Genes Containing the Somatostatin Palindrome 

Genes Sequence Ref(s). 

Somatostatin 
PEPCK *~ 
VIP*' 
Parathyroid hormone 
Proenkephalin 
Gamma-chorionic gonadotropin 
C-fos *~ 
Cytomegalovirus enhancer 
BLV LTR 
HTLV-tl LTR 
Intracistemal A particle 

CTGGGGGCGCCTCCTTGGCTGACGTCAGAGAGAGAG (-32) (13,21,22) 
TGATCCAAAGGCCGGCCCCTTACTTCAGAGGCGAGC (-74) (23) 
TCCCATGGCCGTCATACTGT GACGTCTI'TCAGAGCA (-60) (24) 

GGGAGTGACGTCATCT (65) (25) 
GGGCCTGCGTCAGC (-87) (26) 
AAAATT GACGTCATGG (-113) (27) 

CCGCCCAGTGACGTAGGA (-57) (28) 
CCACCCCATFGACGTCAATGGAGTT (-124) (29) 

ACCAGACAGAGACGTCAGCTGCCAGA (-144) (30) 
CCACGGCCCT GACGTCCCTCCCCCCC (-162) (31) 

~ G A C G T C A T C T G G G G  (-86) (32) 

Asterisks indicate genes that are known to be transcriptionally regulated by cAMP. Boldface sequences indicate 
homology with the palindrome. The positon of the 3'-most nucleotide is listed in parentheses at the end of each sequence. 
PEPCK, phosphoenolpyruvate carboxykinase; BLV, bovine leukemia virus; LTR, long terminal repeat; HTLV-11, human T- 
cell leukemia virus type IL 

pression of the receptor with a monoclonal 
antibody (Chao et al., 1986; Radeke et al., 1987). 
Following isolation and cloning of DNA from 
transformed cells, human genomic elements 
were identified by repetitive sequences unique 
to the transfected DNA (Gusella et al., 1980). 

The processing and release of peptide hor- 
mones has been studied in a number of differ- 
ent cells using gene transfer techniques. The 
first experiments demonstrated that some pep- 
tide hormones could be synthesized and se- 
creted in an active form by cells that do not nor- 
mally produce them. Examples include ex- 
pression of rat growth hormone by mouse fi- 
broblast 3T3 cells (Doehmer et al., 1982), fish 
somatostatin by monkey kidney COS ceils 
(Warren and Shields, 1984), human growth 
hormone by rat pheochromocytoma PC12 cells 
(Schweitzer and Kelly, 1985), human enkeph- 
alin by mouse pituitary line AtT-20 (Comb et 
al., 1985), and a hybrid protein containing se- 
quences for a constitutively secreted viral pro- 
tein and human growth hormone by AtT-20 
cells (Moore and Kelly, 1986). Some of the in- 

teresting findings elucidated by such studies 
include: (1) Alternate splicing of the same 
RNA transcript can occur in different cell types 
(Schweitzer and Kelly, 1986). (2) Peptide 
leader sequences can determine whether a 
peptide is secreted through constitutive or reg- 
ulated routes (Kelly, 1985). For example, the 
secretion of human growth hormone follows 
primarily a regulated route in AtT-20 cells, 
which have both regulated and constitutive 
pathways. However, when sequences encod- 
ing the N-terminal of the protein are removed 
and replaced with N-terminal sequences from 
a protein that follows the constitutive route, 
the hybrid protein takes the constitutive route 
(Moore and Kelly, 1986). (3) Specific fea~res 
of a protein determine its mode of post-transla- 
tional processing. Some precursor proteins, for 
example proenkephalin, preprosomatostatin, 
and preproNGF, from which the biologically 
active peptide can be released by proteolytic 
cleavage at basic amino acid residues, can be 
successfully processed by many different cell 
types. In contrast, other precursor proteins, 
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such as proinsulin and proforms of lysosomal 
enzymes, require more complex processing 
events, including glycosylation, and can only 
be produced in a limited number of cell types 
(Moore et al., 1983)o (4) Discrete protein do- 
mains involved in certain cellular events. 
Transfection of beta-adrenergic receptor genes 
specifically altered by ohgonucleotide-directed 
mutagenesis has been used to show that the 
same region of the protein is involved in coup- 
hng to a G protein and agonist-mediated se- 
questration (Strader et al., 1987). 

Genetic regulatory elements of neural genes 
have also been studied using gene transfer 
techniques. For example, sequences 5' from the 
start site of transcription have been fused to 
reporter genes, such as bacterial chlorampheni- 
col acetyltransferase (CAT) and neo, and ex- 
pression monitored in a transient assay system 
24-48 h later. Studies of neural genes have 
examined elements needed for tissue-specific 
expression and for cyclic-AMP mediated in- 
ducibility. Tissue-specific expression has been 
evaluated in genes for parathyroid hormone 
(PTH; Igarashi et al., 1986) and tyrosine hy- 
droxylase (TH; Harrington et al., 1987), which 
bear regulatory elements within 700 bp of the 
promoter. Elements from the PTH gene confer 
expression of a fused neo gene onto rat pitui- 
tary, but not onto human carcinoma cells. Fu- 
sion of the TH promoter to the CAT gene re- 
sults in CAT activity in rat pheochromocytoma 
and pituitary lines, but not in two neural lines 
or two fibroblast lines. Since TH is normally 
expressed in chromaffin cells and some neu- 
rons, and not in pituicytes or fibroblasts it ap- 
pears that continuous cell lines can be some- 
what deregulated for gene expression. Inter- 
estingly, tissue-specific expression of thy-1, a 
surface glycoprotein on neurons, T-lympho- 
cytes, and fibroblasts, appears to lie in se- 
quences, possibly introns, downstream from 
the promoter (Ingraham and Evans, 1986). 
Expression of transfected thy-1 sequences is 50- 
fold lower in L-cells, which although "fibro- 
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blastic," do not normally express this surface 
marker, as compared to lymphoid or neuronal 
lines (Evans et al., 1984). 

A large number of genes demonstrate cyclic 
AMP inducibility presumably mediated by in- 
teraction of the DNA with cychc AMP binding 
proteins or proteins phosphorylated in a cyclic 
AMP dependent manner. A DNA element re- 
sponsible for cAMP inducibility has been local- 
ized by deletion analysis to an approximately 
35 bp region that resides 5' to the promoter for 
the TH (Lewis et al., 1987), somatostatin 
(Montminy et al., 1986), proenkephalin (Comb 
et al., 1985), and vasoactive intestinal peptide 
(Tsukada et al., 1987) genes. These regions 
contain a common core consensus sequence 
shared with other cylic AMP inducible genes 
(Table 3). Some neural genes inducible by glu- 
cocorticoids, e.g., tyrosine hydroxylase (Lewis 
et al., 1987), pro-opiomelanocortin (Birnberg et 
al., 1983), and monoamine oxidase A (Edelstein 
and Breakefield, 1986), will probably also con- 
tain enhancer elements that respond to gluco- 
corticoids (Yamamoto, 1985). 

Transgenic Mice 
Mouse strains with new genes can be created 

by microinjection of cloned DNA sequences 
into the pronuclei of fertilized eggs (Fig. 1; for 
review, see  Palmiter and Brinster, 1985). These 
eggs are reintroduced into pseudopregnant 
females and allowed to develop. Resulting 
transgenic mice will usually contain the intro- 
duced gene in all the cells of the body including 
the germ line. By breeding these transgenic 
mice, pedigrees are produced that can be ho- 
mozygous or heterozygous for the new gene. 
The new genes are usually ~ntegrated at a 
single, random site in the genome as multiple 
copies in a tandem array. This is a moderately 
efficient process, with about 25% of surviving 
injected embryos successfully incorporating 
and expressing the new gene. 
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Transgenic mice have been used to perform 
several different kinds of experiments, includ- 
ing insertional mutagenesis of endogenous 
genes; determination of DNA sequences im- 
portant for cell specific gene expression; altera- 
tion of cellular phenotypes, such as correction 
of gene defects and insertion of cell markers; 
exploration of the effects of oncogenes; and se- 
lective destruction of specific cells. Examples 
will be given of some general information 
gained from transgenic mice, with special fo- 
cus on the few studies involving genes ex- 
pressed in the cells of the nervous system. 

Since introduced genes integrate into the 
genome at random sites about 10-20% of the 
time integration occurs in an endogenous gene, 
thus disrupting its function. This insertional 
mutagenesis must be kept in mind in analyzing 
the phenotype of transgenic mice. The phe- 
nomenon can be used to generate new mutant 
mouse strains, with the advantage that the de- 
fective gene can be isolated later and character- 
ized by virtue of its proximity to inserted se- 
quences. Insertional mutagenesis may prove 
useful in generating new neurologic mutants 
in previously unidentified genes. 

To create a mutant animal lacking expres- 
sion of a particular gene, it is possible to pro- 
duce antisense sequences for the RNA encoded 
by this gene. This involves insertion of gene 
sequences inverted relative to their promoter. 
If these sequences are placed under the control 
of a strong promoter and the antisense RNA 
will outnumber the endogenous mRNA, hy- 
bridize to it and block its processing and~or 
translation. This approach has been under- 
taken for the HPRT gene in order to create an 
animal model of the Lesch-Nyhan syndrome 
(Stout and Caskey, in press). 

Transgenic mice can also be used as an assay 
system to study gene expression by exchang- 
ing, deleting, or altering regulatory sequences 
in and around genes. For example, cell-type 
specific expression has been obtained for the 
elastase gene in pancreatic cells and the regula- 
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tory elements have been localized to a 213 bp 
sequence immediately 5' to the promoter (Orn- 
itz et al., 1985). In contrast, some regulatory 
elements for beta-globin genes appear to lie 
wi th in  introns or 3' f lanking sequences 
(Townes et al., 1985). Tissue-specific regula- 
tory sequences can also be analyzed visually by 
placing the E. coli lacZ gene under the control of 
a eukaryotic promoter. Tissues are then 
stained histochemically for beta-galactosidase. 
Thus, the regulatory elements for the gamma 2- 
crystallin gene confer expression of this en- 
zyme exclusively onto central nuclear fiber 
cells of the lens (Goring et al., 1987). 

As yet there has been little analysis of regu- 
latory elements for neural genes using trans- 
genic mice. Transgenic animals containing ex- 
ogenous genes for thy 1.1. (Kollias et al., 1987) 
and myelin basic protein (Readhead et al., 
1987) do show developmentally regulated ex- 
pression in the nervous system. Introduction 
of the calcitonin/calcitonin gene-related pep- 
tide (CGRP) gene under the control of the met- 
allothionein (/VIT) promoter has demonstrated 
that the RNA splicing pathway that generates 
CGRP is neuron-specific (Left et al., 1987). 
Three studies have identified DNA sequences 
serendipitously capable of neuronal specific 
regulation. First, when a human cDNA for 
HPRT was introduced under the control of the 
MT promoter, exogenous gene expression was 
high in brain and low in liver (Stout et al., 
1985), in contrast to expression of the en- 
dogenous MT gene, which is normally high in 
liver and low in brain. Two possible explana- 
tions have been considered: that features of the 
construct itself act as neural-specific enhancers 
of transcription, or that factors in neural cells 
act to stabilize the HPRT mRNA. Second, 
transgenic mice were constructed that con- 
tained the MT promoter linked to the human 
growth hormone gene (Swanson et al., 1985). 
A high level of expression of growth hormone, 
normally restricted to pituitary cells, was ob- 
served both in hepatocytes and select sub- 
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populations of neurons in several brain re- 
gions, including the hypothalamus, neocortex, 
and hippocampus. The same novel pattern of 
expression was observed in several transgenic 
mouse pedigrees containing this construct, 
indicating that it was independent of the site of 
chromosomal insertion. One possible explana- 
tion is that sequences in the fusion gene inter- 
act with a transacting regulatory factor shared 
by these neurons. Third, transgenic mice were 
constructed harboring a fusion gene consisting 
of the SV40 early region, including the small t 
and large T antigens, but lacking the enhancer 
element, and the hmnan growth hormone gene 
under control of the MT promoter (Messing et 
al., 1985). These mice suffered from a demyeli- 
nating peripheral neuropathy, in addition to 
developing hepatocellular carcinomas and islet 
cell adenomas. The demyelination apparently 
resulted from expression of the transferred fu- 
sion gene in Schwann cells or adjacent neurons. 
Introduction of a similar fusion gene that re- 
tains the SV40 enhancer caused tumors in other 
cell types and no demyeHnation (see below)~ 

Other uses of transgenic mice are the genetic 
engineering of new mice strains and correction 
of genetic defects. The classic example of the 
first is increasing the size of mice through in- 
troduction into the germline of a growth hor- 
mone gene under the control of an MT pro- 
moter resulting in elevated levels of growth 
hormone in animals (Palmiter et al., 1983). 
Transgenic mice have also been used as a mod- 
el system for gene therapy through the correc- 
tion of recessive mutations. Examples include 
the correction of selective antigen immune de- 
ficiency through transfer of the E alpha im- 
mune response gene (LeMeur et al., 1985); 
beta-thalassemia with the beta-globin gene 
(Constantini et al., 1986); and demyelination in 
the shiverer mouse with the myelin basic pro- 
tein gene (Roach et al., 1987). In each case, the 
normal regulatory elements of the genes were 
used to confer tissue specific expression. The 
level of expression varied depending on the 
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site of chromosomal integration and the 
amount of 5' and 3' flanking sequences used in 
the constructs. 

Correction of the shiverer defect warrants 
further discussion, since it is a CNS disease. 
This is an autosomal recessive condition 
caused by deletion of a portion of the myelin 
basic protein gene~ Affected animals make no 
myelin basic protein, show deficient myelina- 
tion in the CNS, and suffer from tremors, con- 
vulsions, and an early death. The myelin basic 
protein gene, including 4 kb of 5' flanking se- 
quence, introns, and 1 kb of 3' flanking se- 
quence (total 37 kb), was introduced into em- 
bryos heterozygous for the shiverer mutation 
and the resulting animals were analyzed and 
bred (Roach et aL, 1987). Resulting animals ho- 
mozygous for both the shiverer mutation, and 
the new myelin basic protein gene had 25% 
normal levels of the mRNA for myelin basic 
protein. The new mRNA was expressed in ap- 
propriate cells in the proper developmental se- 
quence. Myelination occurs in these animals to 
some extent, and they have only mild tremors, 
no convulsions, and a near normal lifespan. 
The subnormal levels of expression of the 
transferred gene may reflect its site of integra- 
tion, a n d / o r  missing enhancer elements. 
There also appears to be a gene dosage effect; 
animals with one copy of the transferred gene 
have a lower level of expression than those 
with two copies (Popko et at., 1987). 

Another use of transgenic mice is to target a 
particular cell type for tumor formation. This 
is accomplished by transferring an oncogene 
under the control of a tissue specific promoter. 
For example, fusion genes containing the c-myc 
gene and enhancer elements from the mouse 
mammary tumor virus lead to formation of 
mammary tumors in transgenic mice (Stewart 
et aL, 1984). Transgenic mice containing the 
SV40 early region, which includes the enhancer 
and large T antigen coding sequences, fre- 
quently develop tumors of the choroid plexus 
in the central nervous system (Palmiter et al., 
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1985). Transfer of this early SV40 region can 
also lead to altered cell migration and other 
tumor types in the CNS (Kelley and Herrup, 
1987). In addition, HTLV-1 sequences cause, in 
transgenic mice, neurofibromas that are pre- 
sumed to arise from benign tumors of Schwann 
cells (Hinrichs et al., 1987). 

There are a number of oncogenes that have 
been found to be associated with tumor forma- 
tion in the nervous system (for review, see 
Breakefield and Stern, 1986). These oncogenes 
may be useful in obtaining transgenic mice 
with particular types of CNS tumors and deriv- 
ing transformed lines from specific cells of the 
CNS. Such oncogenes include the recessive rb 
gene on chromosome 13q, which can lead to 
retinoblastoma formation when the normal al- 
lele is lost through somatic mutation (Friend et 
al., 1986); the N-myc gene which is amplified in 
most malignant neuroblastomas (Schwab et al., 
1984); the V-erb gene (related to the EGF recep- 
tor gene), which is altered and/or  amplified in 
some glioblastomas (Libermann et al., 1985); 
the neu gene (related to the PDGF receptor), 
which is found in mutagen-induced neuro- 
glioblastomas in rats (Schechter et al., 1984) 
and its human counterpart erbB-2/HER2, 
which is amplified in some mammary tumors 
(Kraus et al., 1987: Slamon et al., 1987); the N- 
ras gene, which is altered in some neuroblasto- 
mas (Taparowsky et al., 1983); and gli, which is 
expressed in some glioblastomas (Kinzler et al., 
1987). 

Selective cell ablation has been achieved in 
transgenic mice using a cell-specific promoter. 
Ligation of the diptheria toxin A chain gene to 
an elastase I gene enhancer/promoter resulted 
in mice either lacking a pancreas or having 
only a rudiment of it (Palmiter et al., 1987). 
Transgenic mice provide an opportunity to 
study the tissue-specific and developmental 
regulation as well as the critical coding do- 
mains in oncogenes and their normal coun- 
terparts. 

Retroviral Vectors 

One of the most promising areas of gene 
transfer into neural cells hwolves use of retro- 
virus vectors (for review, see Gilboa et al., 1986; 
Weiss et al., 1985; Mulligan, 1982). Retrovirus 
vectors derived from modification of Moloney 
murine leukemia virus (MoMuLV) can deliver 
genes into ceils in culture and in vivo without 
themselves being able to replicate (Mann et aL, 
1983). The first part of this section will provide 
an overview of retroviral mediated gene trans- 
fer, the second part will address transfer into 
neural cells~ 

The organization of retroviral sequences and 
the events during viral replication have been 
well characterized. The viral RNA sequences 
are converted to double stranded DNA within 
the cell through the action of reverse transcrip- 
tase. Following circularization via the long ter- 
minal repeats (LTRs, Fig. 3), the DNA enters 
the cell nucleus and integrates in the host 
genome at apparently random sites. Inte- 
grated sequences are transcribed to yield 
mRNAs using the promoter and enhancer in 
the 5' LTR and the polyadenylation site in the 3' 
LTR. The translational products of the unspli- 
ced mRNA are gag, a structural component of 
the virus particle, and poI, the reverse tran- 
scriptase. Excison of an intron generates a 
shorter rnRNA, which is translated to yield env, 
the virus coat protein. Env is embedded in the 
lipid bilayer of the virus envelope and deter- 
mines the host range of the virus particle. 

Retroviral vectors contain retroviral LTR 
and packaging (psi) sequences, as well as plas- 
mid sequences for replication in bacteria, and 
may include the SV40 early promoter and en- 
hancer for potential replication in eukaryotic 
cells. Much of the rest of the Viral genome is re- 
moved and replaced with other promoters and 
genes (see below). Vectors are packaged as RNA 
in virus particles following transfection of 
DNA constructs into packaging cell lines (Fig 
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Fig. 3. Retroviral sequences from wild-type M-MuLV and a vector derived from it. (A) M-MuLV 
(MoMuLV) generates two types of transcripts (wavy lines): unspliced (gap/poD and spliced (env) RNA, both 
under regulation of the LTR (black boxes), p = promoter; sp = RNA splice sites; psi (~d) = RNA packaging signal; 
AUG = start sites of protein translation; poly A = poly A § addition site. (B) In a vector (DE) the gap/poI and env 
genes are replaced with exogenous genes A and B. Then, the normal splicing mechanisms are used to generate 
mRNAs for Genes A and B, with expression of both regulated by the 5' LTRo Reprinted with permission from 
Gilboa et aI., 1986. 

4). These include psi two (Mann et al., 1983), 
which produces  viral particles that can infect 
rodent  cells, and psi am (Cone and Mulligan, 
1984) and  PA 12 (Miller et al., 1985), which pro- 
duce particles that can infect a broad range of 
species. 

The advantages of retroviral vectors are that: 
(1) Gene transfer is highly efficient, with up to 
100% of the cells in cul ture being infected. In 
contrast, using the ca!cium-phosphate-DNA 
uptake technique only  0.01-0.001% of the cells 
are transfected; (2) Vectors are available that 
contain selectable genes and restriction sites for 

insertion of other genes; (3) The host cell range 
is very large; and  (4) Depend ing  on the types of 
genes inserted, and the host range, these vec- 
tors present little or no biological hazard (see 
also Miller et al., 1983). The disadvantages to 
date (some of which may  be surmountable) ,  
are that: (1) Viral sequences only integrate into 
mitotic cells (i.e., not mature  neurons); (2) The 
titers of virus stocks of some of the vectors are 
low; (3) Levels of expression of incorporated 
genes can vary depending  on the nature of the 
construct and the site of insertion into the 
genome; and  (4) There has been some difficulty 
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Fig. 4. Packaging of replication-defective retroviral vectors. The packaging cell line contains wild type 
retroviral sequences mutated at the psi (~)  packaging signal. These sequences code for viral proteins that make 
up the viral particles but  cannot themselves be packaged. DNA plasmid constructs corresponding to retroviral 
vectors containing two genes of interest, here genes for beta-NGF (NGF) and neomycin resistance (neo), are 
transfected into the packaging cell line. Successful tranfectants are cloned under neomycin selection and express 
an RNA transcript encoding NGF and neo that can be packaged because of an intact psi signal. Replication- 
defective particles are harvested from the medium and used to infect other cells. Modified from Cepko and 
Turner, unpublished figure. 
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in obtaining expression following gene transfer 
into preimplantation embryos, perhaps be- 
cause of methylation of viral LTR sequences. 
This latter limitation may be overcome by us- 
ing promoters and enhancers normally associ- 
ated with the gene of interest instead of the 
retroviral LTRs (see below). 

Retroviral vectors have been used success- 
fully in three types of experiments: (1) Incor- 
poration of exogenous genes into cultured 
cells; (2) Introduction of genes into preimplan- 
tation and midgestation embryos; and (3) 
Transfer of genes into postnatal and adult cells. 
The virally encoded mRNA can be distin- 
guished from endogenous mRNA on the basis 
of size and heterologous sequences such as vi- 
res sequences, and the gene products can be 
distinguished biochemically or immunologi- 
cally. The level of expression of the protein 
depends on many factors, including the rates 
of transcription and translation of the mRNA 
and the stability of the message and protein, as 
well as whether or not the protein has toxic ef- 
fects on the recipient cell. 

Most retrovirus vectors currently in use 
have two genes inserted in them---one is a 
dominant selectable marker and the other is 
the gene of interest. The selectable marker is 
used to isolate transfectants of the packaging 
line and other cells in culture, and to fiter the 
replication defective virus particles. This gene 
is placed under the control of a strong pro- 
moter such as a retrovirus LTR, SV40 early, or 
HSV-1 thymidine kinase promoter. Some of 
the selectable markers that have been used in- 
clude HPRT (Miller et al., 1983), methotrexate- 
resistant dihydrofolate reductase (Miller et al., 
1985), and neomycin resistance (Ledley et aL, 
1986; Hock and Miller, 1986). Expression of the 
transferred genes of interest has been observed 
following infection of continuous cell lines or 
primary cultures. Genes associated with dif- 
ferentiated phenotypes that have been trans- 
ferred using retroviruses include phenylalan- 
ine hydroxylase i~to mouse 3T3 cells and 
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hepatoma cells (Ledley et aL, 1986), adenosine 
deaminase into murine lymphoid cell lines and 
human lymphoctye lines (Williams et al., 1986), 
preproparathyroid hormone into rat pituitary 
line GH4 (Hellerman et al., 1984), the src onco- 
gene into PC12 cells (Alema et al., 1985), and 
nerve growth factor into mouse pituitary line 
AtT20 (see below). "Replacement therapy" for 
adenosine deaminase deficiency has also been 
achieved in cultured skin fibroblasts (Palmer et 
al., 1987) and lymphocytes (Kantoff et al., 1986) 
from patients; for HPRT in fibroblasts (Miller et 
al., 1983) and lymphoblasts (Willis et al., 1924) 
from Lesch-Nyhan patients; and for glucocere- 
brosidase in Gaucher fibroblasts (Sorge et al., 
1987). 

Retroviral gene transfer into pre-implanta- 
tion embryos has provided useful information. 
First, cell lineages have been elucidated by in- 
troducing unique DNA sequences, such as bac- 
terial genes, and analyzing the cellular distri- 
bution of these sequences in genomic DNA 
later in development. Using this approach the 
time of separation of somatic and germ line 
lineages was elucidated (Soriano and Jaenisch, 
1986). Second, since retroviruses integrate at 
many sites in the genome, they can cause inser- 
tional mutagenesis. One such recessive embry- 
onic lethal mutation was determined to lie in 
the alpha 1(1) collagen gene (Schnieke et al., 
1983). This approach has also been used to cre- 
ate a mouse strain lacking HPRT activity as a 
model for the Lesch-Nyhan syndrome. In this 
case, embryonal carcinoma cells were infected 
with replication defective retrovinlses and se- 
lected for HPRT deficiency prior to use in creat- 
ing chimeric mice (Kuehn et al., 1987). Surpris- 
ingly, HPRT-deficient male progeny showed 
no apparent neurologic dysfunction. Third, 
retrovirus vectors have been used to study tis- 
sue specific expression of developmentally 
regulated genes. Here too, the site of integra- 
tion of the vector into the genome is important, 
since sequences adjacent to the vector influ- 
ence the expression of genes within it. Jaenisch 
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Fig.5. Retroviral vector "BAG" encoding lacZ and neo genes. The bacterial gene forbeta-galactosidase was 

inserted in the unique Barn HI site of the pLJ vector downstream from the ATG translational start site of the 
retroviral gene gag. Neo sequences are under an SV40 early promoter, which also contains an origin of repli- 
cation allowing replication in cos cells. The pBR origin of replication is also present for replication in bacteria. 
RNA splice sites are absent. Reprinted with permission from Price et al., 1987. 

and coworkers (Soriano et al., 1986) infected 4- 
16 cell embryos with a retrovirus vector con- 
taining the entire human  beta globin gene plus 
almost 1 kb each of 5' and 3' flanking sequen- 
ces. Relatively selective, tissue-specific expres- 
sion of beta globin in blood, bone marrow, and 
spleen of mice was observed. Retroviral infec- 
tion of early embryos is technically simpler 
than microinjection of DNA into fertilized eggs 
and should facilitate studies of transgenic 
mice. 

In model  systems for gene therapy, retro- 
virus vectors have also been used to infect bone 
marrow cells of mice. A small proportion of 
these cells, about 0.01%, are hematopoietic 
stem cells that can give rise to granulocytes, 
lymphocytes, erythrocytes, macrophages, and 
platelets throughout  the life of the individual. 
Retrovirus infection of bone marrow cells in 
tissue culture is very efficient and expression of 
transferred genes continues in cells reintro- 
duced into mice. Successful long-term gene 
transfer has been reported using HPRT (Miller 
et al., 1984) and neo-resistance genes (Miller et 

al., 1984; Keller et al., 1985; Dick et al., 1985). 
For successful gene therapy of postnatal ani- 
mals with retrovirus vectors, at the present 
state of the art, the disease phenotype  must  be 
ameliorated by gene transfer into a small popu- 
lation of dividing cells, ideally ones that consti- 
tute a stem cell population, and the cells must 
be able to tolerate a wide range of gene expres- 
sion. 

Studies have begun using retrovirus vectors 
to introduce genes into neural  cells in culture 
and in vivo in order to s tudy cell lineages and 
the processing and function of neural proteins. 
A histological marker gene is defined as one 
that encodes a protein that labels a cell and its 
descendants in a stable, distinctive, and in- 
nocuous manner. Two such genes used to date 
are the bacterial lacZ gene encoding the en- 
zyme, beta-galactosidase, and  the human  gene 
encoding the cell surface glycoprotein, T8. The 
lacZ gene has been coupled to both the SV40 
early promoter  (Sanes et al., 1987) and the 
retroviral LTR (Price et aL, 1987; Fig. 5). Either 
construct readily confers expression of beta-ga- 
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lactosidase onto a number of different continu- 
ous cell lines in culture, including neuroblas- 
toma, retinoblastoma, pheochromocytoma, gli- 
oma, and fibroblast lines. This enzyme is read- 
ily detected by histochemical staining using 
the substrate X-gal, which is hydrolyzed to 
form an insoluble blue precipitate. Although 
mammalian cells contain lysosomal (acidic) 
beta-galactosidase, this endogenous enzyme is 
not active at the neutral pH used for staining. 
Cepko and coworkers (Price et al., 1987) also 
infected primary cultures of E15 rat cerebral 
cortex at low multiplicities of infection and 
observed isolated clusters of stained cells of 
several morphologies, suggestive of astrocytes, 
fibroblasts, and neurons~ Presumably different 
cell types represent, at least in some cases, the 
descendants of a pluripotent precursor cell. If 
neurons express this transferred gene they 
must have integrated it as neuroblasts prior to 
their last division and terminal differentiation. 

Retroviral constructs containing the /acZ 
gene have also been used to label cells in vivo. 
Sanes et al. (1986) injected midgestation (E9-11) 
mouse embryos through the uterine wall with 
such a vector and analyzed expression of beta- 
galactosidase 2-6 d later. About 60% of in- 
jected embryos survived and 25% of these 
showed X-gal staining in cell clusters in the 
subdermal fascia, skull, meninges, choroid 
plexus, and cerebral cortex. This work sug- 
gests that a number of different cell types in 
vivo can express detectable levels of this bac- 
terial enzyme. Retroviral vectors containing 
lacZ have also been injected into the retina of 
newborn rats (Price et al., 1987; Turner and 
Cepko, 1987). Staining a few days to months 
later revealed clusters of intensely labeled pho- 
toreceptor cells, as well as some bipolar cells, 
Mueller glia, and pigment epithelia. All these 
cells are thought to be generated from a zone 
that is mitotic at the time of injection. 

Preliminary results using another reporter 
gene, T8, also appear successful in labeling 
neural cells (Calof and Jessell, 1986). This cell 
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surface glycoprotein can be detected immun- 
ocytochemically using a monoclonal antibody, 
and is normally expressed only by T lympho- 
cytes. Successful labeling of neurons and other 
cell types was observed in dissociated cultures 
of mouse newborn cerebellum and E13 dorsal 
root ganglia. In addition, injection of virus into 
the amniotic sac of mouse embryos before clo- 
sure of the neural tube resulted in labeling of 
cells in the skin and nervous system. The full 
potential for analysis of cell lineage using 
retrovirus-introduced marker genes into early 
embryos has yet to be evaluated. However, in 
conjunction with other embryologic tech- 
niques, including 3H-thymidine labeling, trans- 
plantation, and immunocytochemistry, this 
promises to be a powerful approach. 

Work has also begun on inserting genes en- 
coding neural proteins into cells in culture. 
Nerve growth factor (beta-NGF) has long been 
known to be necessary for survival and differ- 
entiation of sensory and sympathetic neurons 
(Greene and Shooter, 1980; Thoenen and 
Edgar, 1985) and has recently been implicated 
in peripheral nerve regeneration (Taniuchi et 
al., 1986), as well as in survival and phenotypic 
expression in CNS neurons; (Gnahn et al., 1983; 
Williams et al., 1986b). A retrovirus vector has 
been constructed that contains sequences en- 
coding the shorter form of the pro-beta-NGF 
messenger RNA (Edwards et al., 1986) under 
control of the LTR, as well as neo-resistance se- 
quences under the SV40 early promoter (Wolf 
et al., submitted). This vector is able to confer 
expression and release of biologically active 
beta-NGF onto mouse pituitary AtT20 cells in 
culture. Secretion appears to occur through 
both constitutive and regulated pathways (Fig. 
6; Kelly, 1985). It is likely that in the near future 
a large number of other biologically active pro- 
teins under the control of different promoters 
will be incorporated into retroviral vectors in 
order to study their effects on development, 
homeostasis, and aging in the nervous system. 
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Fig. 6. AtT-20 cells infected with a retroviral vector containing sequences for NGF and n e e .  AtT-20 cells 
were infected with a replication defective retroviral vector encoding the precursor for beta-NGF and neomycin 
resistance. Cells were cloned under nee selection. These cells normally produce and process pro-opiometa- 
nocortin to beta-endorphin and ACTH, which are released predominantly through the regulated pathway 
(Kelly, 1985). Release is stimulated by corticotropin releasing factor (CRF) and cyclic AMP (cAMP) and is 
calcium dependent. These cells can process the beta-NGF precursor to biologically active beta-NGF and release 
it through both the constitutive and regulated routes (Wolf et al., manuscript submitted). 

Other Viral Vectors 

Many virus vectors have already been devel- 
oped for gene transfer and it is likely that more 
will be deve loped  in the future (Tabie 4). In 
choosing the best vector system for a particular 
experiment, there are four criteria that must be 
considered_: First, the vector can be delivered 
only into cells that are either abortively or pro- 
ductively infected by the virus. Second, if the 
virus is capable of persisting in a cell for an ex- 

tended period of time without  causing ceil 
death, then the possibility exists that the vector 
can be stably maintained and expressed in the 
cell. Third, it is possible, in theory, to obtain 
proper function of celluiar promoters such as 
neuronal cell type specific promoters only if at 
some stage during the life cycle of the virus its 
genome exists as double s t randed DNA in the 
nucleus of a cell. Fourth, the size of the virus 
genome determines the upper  limit on the size 
of the vector and genes that can be inserted in 
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TABLE 4 

Possible Viral Vectors for Gene Transfer into the Nervous System 
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Virion Approx. Site of Infects Integration 
Virus nucleic acid size, kb replication neurons in genome 

Retrovirus (MoMuLV) RNA 10 Nucleus - 
Herpes simplex DNA 150 Nucleus + 

Papovavirus (JC, 
SV40 + polyoma) DNA 5 Nucleus - 

Adenovirus DNA 35 Nucleus - 

EBV DNA 160 Nucleus - 

Papilloma DNA 8 Nucleus - 
Vaccinia DNA 250 Cytoplasm - 
Potiovirus RNA 10 Cytoplasm + 

+ 

-Lyric 
? +Latent 

-Lytic 
+Transform. 
-Lytic 
+Transform. 
-Lytic 
-Transform. 
-Transform. 
-Lytic 
-Lytic 

it. Animal  viruses have been sorted into differ- 
ent classes dependen t  on the strategy they use 
to replicate their nucleic acid. Some of these 
classes are more useful and  easily adaptable to 
virus vectors than others. A more theoretical 
discussion of the different strategies animal 
viruses have adopted  to replicate their nucleic 
acid has been presented elsewhere (Baltimore, 
1971). 

Perhaps the virus that holds the greatest 
potential for gene transfer into neurons is Her- 
pes Simplex Virus (HSV-1). Here we discuss 
the properties of HSV-1 in relation to the crite- 
ria outl ined above for evaluating a virus vector 
system: First, a virus vector can only transfer 
genes into cells normally  infected by the virus. 
The host range of HSV-1 is broad; HSV-1 in- 
fects most  mammals  and birds including chick- 
ens, rats, mice, monkeys,  and humans  (for a 
general review of HSV-1, see Spear and Roiz- 
man, 1981). HSV-1 can lytically infect a wide  
variety of ceils including neurons,  fibroblasts, 
and macrophages.  Neurons  can harbor HSV-1 
in the latent state, and  HSV-1 is not usually 
maintained for more  than several days in non- 

neuronal  cells. Among the immortal  neuronal  
cell lines that can be infected by HSV-1 include 
the mouse  neuroblastoma celt lines NS20Y and 
NIE-115, and rat pheochromocytoma cell line 
PC12. HSV-1 virions have been detected in 
neurons  in vivo by electron microscopy (Cook 
et al., 1974). Furthermore,  two lines of evi- 
dence suggest that HSV-1 can infect most  if not 
all kinds of neurons in the central nervous sys- 
tem. Following innocutation of HSV-1 in the 
periphery a burst  of virus product ion ascends 
the neuroaxis, initially in the sensory or motor  
neurons innervating the site of innoculation, 
then in the spinal cord, brainstem, cerebellum, 
and cerebral cortex (Koprowski,  1978). At- 
tempts to mimic HSV-1 latency in tissue cul- 
ture with different preparations of neurons  
have required high temperature,  DNA synthe- 
sis inhibitors, and antisera directed against 
HSV-1 virions to prevent  a tytic infection from 
spreading to all the neurons  (Wigdahl et al., 
1984). 

Second, if the virus genome exists as double 
s t randed nucleic acid in the nucleus of the cell 
then it may be possible to obtain proper  regu- 
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lated expression of a cellular promoter. The 
genome of HSV-1 is double stranded DNA 
which is replicated and transcribed in the nu- 
cleus of a cell. Two other properties of HSV-1 
argue well for the possibility of obtaining prop- 
er regulated expression of a neuronal specific 
promoter. First, HSV-1 genes are transcribed 
by the cellular RNA polymerase IL Second, 
HSV-1 gene expression is itself complex. HSV- 
1 contains approximately 100 genes. Five im- 
mediate early genes encode the major regula- 
tory proteins of the virus. The immediate early 
genes induce expression of the early genes that 
are responsible for DNA replication. The late 
genes are induced after DNA replication and 
encode the structural components and en- 
zymes required for assembly of virus particles~ 
When the late genes are induced, transcription 
of the immediate early genes is reduced. Thus, 
during the lytic cycle of HSV-1 expression of 
the three classes of genes follows in a complex 
sequential cascade. In contrast, in the latent 
state, expression is generally restricted to the 
immediate early genes. Thus, in both the lytic 
and latent states extensive gene regulation oc- 
curs and closely mimicks the regulation of cel- 
lular genes. This is an encouraging foundation 
for attempts to obtain proper regulated expres- 
sion of cellular promoters in HSV-1 vectors. 

Third, if a virus is capable of persisting in 
cells for long periods of time without causing 
cell death then it may be possible for a vector to 
be maintained stably in a cell. Post-mitotic 
neurons harbor HSV-1 in the latent state (for 
review, see Stevens, 1985). Once HSV-1 attains 
the latent state it can be retained for the life of 
the neuron. As mentioned above, latent HSV-1 
is capable of expressing genes; expression of 
genes encoded by HSV-1 has been detected by 
immunohistochemistry in latently infected 
neurons. Furthermore, HSV-1 is transported 
both anterogradely and retrogradely in neu- 
rons. Tl'fis is an attractive property of HSV-i, 
since it should allow HSV-1 vectors to reach 
cells of interest some distance away from the 
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injection site. In summary, the latent state of 
HSV-1 should allow stable maintenance of an 
HSV-1 vector in a neuron and regulated gene 
expression of transcription units in the vector. 

Fourth, the size of the vector is limited by the 
size of the virus genome. The 150 kb genome of 
HSV-1 is considerably larger than retroviruses, 
adenoviruses, or SV-40 and suggests that HSV- 
1 vectors could be designed to accommodate 
large molecules of DNA. 

There has been some initial work on HSV-1 
vectors (Spaete and Frenkel, 1982, 1985; Kwong 
and Frenkel, 1984; Stow and McMonagle, 1982; 
Shih et al., 1984). These vectors require an 
HSV-1 packaging site, an HSV-1 origin of DNA 
replication, and pBR sequences for growth in 
E. coil Virus stock containing a vector is ob- 
tained by transfecting fibroblasts with a mix- 
ture of vector DNA and helper HSV-1 DNA. 
The vectors are maintained because of their 
growth advantage over the helper virus 
(Frenkel et al., 1980). HSV-1 contains three ori- 
gins of replication (ori), one every 50 kb; the 
vectors contain I ori every 5-15 kb. In virions, 
vectors are composed of head to tail repeats 5-- 
15 kb in size, up to 150 kb, the size of HSV-1. 
An HSV-1 vector has been constructed that 
contains the lacZ gene under the control of an 
HSV-1 immediate early promoter. Virus stocks 
of this vector efficiently express the lacZ gene 
in cultured fibroblasts and neurons, as well as 
in a number of continuous cell lines (Geller, 
Gusella, and Breakefietd, in preparation). 

Other viral vectors that might be considered 
for delivery of genes into the nervous system 
are discussed briefly here. Early virus vectors 
were based on the papova virus SV40 and pol- 
yoma, which replicate in the nucleus (Mulligan 
et al., 1979; Hamer and Leder, 1979). The gen- 
omes of these viruses are small, about 5 kb, 
double-stranded circular DNA. Whereas their 
own promoters give a high level of expression, 
expression with cellular promoters has gener- 
ally been lower. Most papova viruses do not 
productively infect or persist in the cells of the 
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nervous system. However, JC virus infects 
human glial cells in vivo and can be grown on 
primary cultures of these cells. This virus ap- 
pears to contain regulatory enhancer elements 
that are induced by transacting factors in glial 
cells (Kenney et al., 1984). The recent immor- 
talization of a human glial cell line permissive 
for JC virus may allow further development of 
JC virus vectors for gene transfer (Mandl et al., 
1987). 

Adenovirus vectors are also well developed. 
The genome of adenovirus is a large, 35 kb, 
double-stranded linear DNA molecule that is 
replicated in the nucleus of the cell. It has been 
possible to obtain proper flmction of cellular 
promoters and stable transfection of cells with 
adenovirus vectors. For example, human fetal 
globin genes introduced by these vectors are 
properly regulated in human K562 cells and 
can be induced to express human fetal globins 
(Karlsson et al., 1986). Adenovirus host range 
is restricted to humans, however, and it does 
not productively infect or persist for extended 
periods of time in the cells of the nervous sys- 
tern. 

Epstein-Barr virus (EBV) vectors have prov- 
en to be of great use for transfecting lympho- 
cytes (Yates et al., 1985). EBV is a member of 
the herpes family of viruses but differs from 
HSV-1 in several important ways. The host 
range of EBV is limited to lymphocytes where 
it can persist in the nucleus of a cell without 
causing cell death. It exists in the nucleus as an 
extrachromosomal circular molecule of double 
stranded DNA at a copy number of several 
tens to hundreds per cell. EBV vectors are of 
great use to immunologists, but probably not 
to neuroscientists. 

The only papilloma virus developed as a 
gene transfer vector to date is bovine papil- 
loma virus type I (BPV) (DiMaio, 1984). It has a 
limited host range and will not infect cells in 
culture, but can be used for transformation of 
primary mouse and hamster fibroblasts in cul- 
ture by DNA-mediated gene transfer. These 
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vectors exist as several tens to hundreds of 
copies per cell of autonomously replicating cir- 
cular DNA molecules in the cell nucleus. 
Shuttle vectors have been constructed that can 
replicate in bacteria, and that contain selectable 
markers. Genes incorporated into these vec- 
tors express at reproducible levels and respond 
to transacting, cellular regulatory factors. Al- 
though very useful in the study of regulatory 
sequences that are active in fibroblasts, this 
vector does not appear to offer any advantages 
for the study of neural genes or for gene trans- 
fer into neural cells. 

Retroviruses have been extensively dis- 
cussed in the previous section. Perhaps the pri- 
mary drawback of retrovirus vectors for the 
neuroscientist is that retrovirus vectors require 
mitotic cells for integration, and neurons are 
post-mitotic. Some retroviruses, however, ap- 
pear to be able to infect at least some post-mi- 
totic cells in the nervous system. Human im- 
munodeficiency virus (HIV) primarily infects 
capillary endothelial cells and macrophages in 
the CNS; in severe cases low level infection has 
also been seen in astrocytes and neurons 
(Wiley et al., 1986). Some retroviruses are 
neurotropic in that infection tends to localize in 
the CNS, these include type C retrovirus (cas- 
Br-E; Sharpe et al., 1987) and Visna (Narayan 
and Cork, 1985)o Whether it will prove pos- 
sible (and safe) to incorporate the unique host 
range of these viruses into vectors and to 
extend the host range to post-mitotic neurons 
remains to be seen. 

Vaccina virus vectors (for review, see  Mack- 
ett and Smith, 1986) have proven useful for ex- 
pressing large amounts of a particular gene 
product. Vaccinia or pox viruses are large dou- 
ble stranded DNA viruses, approximately 200 
kb in size. They replicate in the ~ cytoplasm and 
cause a lytic infection in a wide variety of cell 
types. Vectors which place a gene (up to 25 kb) 
under the control of a vaccinia late promoter 
can be used to produce large amounts of a pol- 
ypeptide of interest. Production of biologically 

Molecular Neurobiology Volume 1, 1987 



362 

active met-enkephalin by AtT-20 cells (Thomas 
et al., 1986) and beta-NGF by a number of cell 
types in culhn:e (Edwards and Rutter, in prepa- 
ration) has been possible using this vector. 
However, the limitations of the vectors are 
first, they cause cell death rather than persist- 
ing for long periods of time; second, they repli- 
cate in the cytoplasm; third, only vaccinia pro- 
moters are effective; and fourth, they do not in- 
fect cells in the nervous system. 

There are a number of "slow" viruses, e.g., 
scrapie, that persist for an extended period of 
time in the cells of the nervous system (re- 
viewed by Meulen and Hall, 1978; Gajdusek, 
1985). Vectors derived from these viruses have 
the potential for stable long term transfection 
of neurons. Such vectors have not yet been de- 
veloped either because other properties of 
these viruses present difficulties for vector de- 
sign or because not enough is known about the 
molecular biology of the virus to design them. 

Finally, there are a number of viruses whose 
molecular biology is well understood and 
which can infect at least some cells in the nerv- 
ous system in addition to nonneuronal cells. 
These viruses also have limitations as a neuro- 
trophic vectors~ Poliovirus can infect motor 
neurons. However, poliovirus is an RNA virus 
that replicates in the cytoplasm and can only 
produce a lytic infection. Theilers murine leu- 
kemia virus infects gila and some CNS neu- 
rons, principally those in the spinal cord and 
brainstem, such as motor neurons, but again 
causes a lytic infection (Chamarro et al., 1986). 
There are several segmented RNA viruses that 
can infect neurons under some circumstances. 
These include lymphocytic choriomeningitis 
virus and reovirus. Developing a virus vector 
system based on a segmented RNA virus may 
be a difficult undertaking, however. 

Conclusion 

Gene transfer into the cells of the nervous 
system has the potential to provide interesting 
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information for many fields of the neurosci- 
ences, including neurochemistry, neurophysi- 
ology, developmental neurobiology, molecular 
neurobiology and neuropathology, and per- 
haps may even to contribute to the ongoing de- 
bate between psychologists and neurobiolo- 
gists about the nature of learning and memory. 
Although the field is in its infancy, however, 
there are already several different approaches 
for delivering DNA into the cells of the nerv- 
ous system. These include transfection of cells 
with DNA, microinjection of fertilized eggs to 
construct transgenic animals, and infection 
with viral vectors. Each of these systems has its 
advantages and drawbacks, and improve- 
ments in the technology are needed. Many dif- 
ferent genes of interest to neurobiologists have 
been cloned, including those for enzymes that 
synthesize or degrade neurotransmitters, neu- 
ropeptides, neurotransmitter receptors, ion 
channels, and proteins that mediate second 
messenger effects. Functional characterization 
of these genes using gene transfer technology 
has already yielded information. At present 
far more experiments have been done in tissue 
culture systems than in vivo. In five years time 
it should be possible to write a comprehensive 
review, detailing the technological improve- 
ments to allow routine gene transfer in vivo, 
the cloning of many more genes of interest to 
neurobiologists, and functional studies of these 
genes on a molecular level that demonstrate 
unifying and diversifying principles of neu- 
ronal function. 
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