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The anatomical complexity of the mammalian central nervous system (CNS) presents special problems for the
analysis of CNS gene expression and function. The most difficult challenge is presented by the simple fact
that there are hundreds of functionally and morphologically defined cell types in the CNS. Given this complex-
ity, the interpretation of CNS phenotypes is often problematic. The preparation of transgenic mice carrying
marked bacterial artificial chromosomes (BACs) provides an important avenue for improving our understand-
ing of CNS-expressed genes and phenotypes. This approach can allow efficient analysis of patterns of gene
expression, subcellular localization of their encoded products and neuronal projection patterns. BAC trans-
genic mice can also provide access to information relevant to gene function based on phenotypes arising
from increased gene dosage or expression of activating and dominant-negative alleles. This review will con-
centrate on these issues and their relevance to the analysis of CNS-expressed genes.

INTRODUCTION

As we enter the ‘post-genomic’ era, it has become increasingly
evident that the impact of genetics on our quest to understand
the development, function and dysfunction of the mammalian
central nervous system (CNS) will be enormous. New
approaches in human genetics and the utilization of ever more
powerful reverse genetic tools in model systems will provide
increasingly frequent opportunities to take advantage of the
fundamental information buried in genome sequences and the
descriptive data issuing from high-throughput DNA chip or
micro-array assays. In the past decade, the identification and
preparation of scores of mutations that perturb the mammalian
CNS have begun to shed light on the molecular mechanisms
that participate in many aspects of CNS development and
function. In this review, I will discuss the special problems
encountered in applying genetics to the analysis of a highly
complex tissue such as the nervous system, and focus on
recently developed methods that circumvent some of these
problems. Although it is beyond the scope of this brief review
to cover the biological insights gained through analysis of the
many mutations, I will provide specific examples to illustrate
the importance of genetic analysis for the discovery of novel
pathways governing the formation and function of the
mammalian CNS.

THE COMPLEXITY OF THE MAMMALIAN CNS

From a genetic standpoint, the complexity of the mammalian
CNS presents special challenges at every level of analysis. The

fundamental point of genetics is to understand function
through the correlation of phenotype and genotype. The
functions controlled by the mammalian CNS are many and
varied, and often these functions are not accessible in
genetically tractable model systems. For example, studies of
complex human behaviors, neurological diseases and
psychiatric illnesses (1–4) have demonstrated a strong
influence of inheritance. The ability to discover the genetic
basis for this influence on higher order nervous system
function requires precise appreciation of the behavioral
variations in the population at large and in individuals who
deviate from this norm. In humans, where one has access to
evaluation of subtle phenotypes through direct communication
with the subject, it is possible to develop quantitative tests for
advanced CNS functions. These can then be used to identify
genes that play a critical role in these behaviors. With the
advent of powerful methods for the dissection of polygenic
traits, human genetics is likely to play a crucial role in the
initial identification of genes that play critical roles in
advanced CNS functions. However, complex behaviors can be
very difficult to assess in model systems (5). Thus, the use of
reverse genetic approaches to interrogate the system further
and discover the mechanistic roles of the encoded gene
products can be severely limited by the lack of suitable
quantitative tests for advanced CNS functions in experimental
organisms. A major challenge, therefore, is to combine insights
gained from primate behavioral and clinical evaluation with
mouse phenotypic studies so that genetic analysis can have
maximal impact on systems-level neurobiological research.
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A second challenge faced in genetic analysis of CNS
function comes from the diversity of cell types that are present
in the mammalian CNS and their dependence on inter-
connectivity to generate function (6). Given the hundreds of
morphologically distinct cell types present in the brain, and the
certain subdivision of these cell types based on functional
distinctions or the expression of molecular markers, the
interpretation of phenotypes for mutations acting on this organ
system is tremendously difficult. Even in cases where the
effect of the mutation is severe, resulting in frank cell death
that is evident at the histological level, the site of action of the
mutant gene is often difficult to assess strictly based on
anatomical data. This problem derives from the inter-
dependence of neuronal cell types and their reliance on trophic
factors produced by other cell types for vitality. Thus,
secondary cell death of afferent neurons often accompanies the
functional inactivation or death of the specific class of neurons
that are directly affected by the mutation. In most cases,
therefore, the cellular basis for a CNS phenotype cannot be
assessed without data from experimental embryonic chimeras
or at least precise information on the pattern of expression of
the mutated gene (7,8).

Genetic studies of CNS development and function are also
confounded by the highly articulated structure of individual
neurons and the compartmentation of molecular pathways
within these very complicated cell types. In some cases,
functional deficits that are easily observed at the behavioral
level result in significant anatomical phenotypes that are
revealed only by in-depth assessment of the number and
morphology of specific neuronal cell types or specializations.
Thus, mutations that block the final stages of differentiation of
specific neurons often result in the failure of afferent neurons
to refine exuberant connections on the affected population. An
appreciation for this type of phenotype cannot come from
routine anatomical studies, requiring instead either advanced
neuroanatomical tracing techniques or electrophysiological
studies of the appropriate neuronal populations (9). Similarly,
mutations that affect the number of dendritic spines present on
a given neuron are exceedingly difficult to assess, yet can
result in profound CNS dysfunction (10).

THE USE OF MODIFIED BACTERIAL ARTIFICIAL
CHROMOSOMES (BACS) FOR ANALYSIS OF CNS-
EXPRESSED GENES

In many cases, the identification and interpretation of CNS
phenotypes can be advanced by knowledge of the sequence of
the affected gene, its precise pattern of expression, the
localization of its encoded product within the cell, and
visualization of the fine structures of cells expressing the
mutant gene product in vivo. In vertebrates, this information
has traditionally involved isolation of full-length cDNAs, in-
depth in situ hybridization analysis, preparation of specific
antibodies for use in immunohistochemical or immuno-
fluorescence localization studies, and visualization of cellular
morphology using available markers and a variety of
established anatomical techniques. These methods are well
established, and have yielded crucial functional insights.
However, in many cases they cannot be applied efficiently and
require intensive effort to yield detailed information. Several
recent advances have tremendously improved the efficiency

with which these important data for CNS-expressed genes can
be gathered.

The maturation of the expressed sequence tag (EST) data-
bases and Unigene databases (11), the completion of the
human genome sequence, and the improvement of informatics
tools for prediction of transcripts from genomic DNA
sequence (reviewed in ref. 11), are already yielding a great deal
of information regarding CNS-expressed genes. Although
these projects have not yet advanced sufficiently that it is
routine to obtain full-length cDNA sequence and predict
complete amino acid sequences for novel CNS-expressed tran-
scripts, this important goal is clearly within reach. As these
full-length sequences become available, data from the recently
announced structural genomics initiatives (12) and rapidly
improving methods for prediction of the structure and evolu-
tionary relationships between expressed genes (13) will lead to
increasingly accurate predictions of the biochemical functions
of expressed proteins. Furthermore, large-scale EST
sequencing projects can lead to the first insights into the
expression profiles of interesting genes. For example, there are
currently at least several thousand novel ESTs in these data-
bases that are expressed exclusively or predominantly in
cDNA libraries prepared from the brain (mouse UniGene data-
bases, dbEST:
http://www.ncbi.nlm.nih.gov/dbEST/index.html ;
and UniGene Mouse Sequences Collection:
http://www.ncbi.nlm.nih.gov/UniGene/Mm.Home.html ).
Although the profiles of expression of these transcripts are not
sufficiently precise to yield functional inferences, this informa-
tion is quite useful in selecting candidate genes for genetic
analysis.

The development of methods for the simple and accurate
manipulation of BACs has allowed the development of an
alternative and highly efficient strategy for analysis of CNS-
specific genes (14). This approach is based on two simple
facts: large genomic DNA fragments (>100 kb) are in most
instances expressed independent of the site of integration into
the genome of transgenic mice (15–17); inclusion of epitope
tags and marker proteins into endogenous loci of invertebrate
genes has in most cases not altered the patterns of expression
of these genes or the localization of their encoded products
within the cell (18). To take advantage of this information, a
homologous recombination system was established in
Escherichia coli that allows for the preparation of BACs with
highly precise modifications. Using this system, it is possible
to create mutations in BACs that range from single nucleotide
changes to deletions of tens of kilobases to insertions of marker
genes of several kilobases (15,19–21; unpublished data). One
can, therefore, construct BACs that allow very rapid analysis
of the expression pattern of the gene of interest, the
localization of its encoded product, high-resolution
visualization of the morphology of cells expressing the gene
and determination of the projection patterns of these cells.

A typical construct might resemble that shown in Figure 1.
An important point to be made regarding this type of construct
is that the utilization of internal ribosome entry sites (IRES)
(21) can allow the creation of polycistronic mRNAs from
which several proteins can be synthesized under the control of
the endogenous transcriptional regulatory sequences. This is
tremendously advantageous because it allows marker proteins
(EGFP, lacZ, etc.) and tract-tracing proteins (WGA, other
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lectin, etc.) to be produced in precisely the same cells that
express the endogenous gene. In our experience, expression of
EGFP using this strategy in transgenic mice can allow
visualization of cellular morphology in the CNS that is
comparable to that obtained by visualization using immuno-
fluorescence with marker antibodies. For example, direct
visualization of EGFP fluorescence in transgenic mice
expressing this marker under the control of the calbindin locus
reveals the detailed structure of cerebellar Purkinje cells,
whereas similar studies using mice expressing EGFP under the
control of the BLBP locus reveal the elaborate morphology of
Bergmann glia (Fig. 2). Using confocal microscopy, it has
been possible to visualize individual Purkinje cell dendritic
spines and the detailed morphology of Bergmann glial end feet
in these animals (data not shown). In many cases, this detailed
morphology allows definitive determination of the cell types
expressing the gene based simply on their morphology. This is
a great advantage over determination of gene expression
patterns using in situ hybridization, where it is often extremely
difficult to assess the cell types expressing the gene in a given
brain region without additional experimentation. The ability to
determine efficiently precise patterns of cell types expressing

the gene of interest throughout CNS development can
significantly accelerate initial studies of gene function.

The utilization of a second IRES element in the BAC
construct can allow the co-expression of yet another protein of
interest (e.g. CRE recombinase, WGA, rTTA, etc.). In this
context, the expression of tract-tracing proteins is of particular
interest. Although we have not yet generated animals
expressing tract-tracing proteins from BACs, the use of two
plant lectins for this purpose has been reported using
conventional transgenic animals (22,23). Given these results,
we hope that it will be possible to visualize both the primary
cell types expressing a given gene and their synaptic partners
in a single animal. This is an exciting prospect for several
reasons: in cases where the cellular morphology visualized
using the primary marker protein does not allow definitive
identification of the cell type, knowledge of its projection
patterns might help; for the many genes that are expressed in
subpopulations of morphologically defined neurons, deter-
mination of the projection patterns of this subpopulation can
yield important insights into the circuit functions of these
neurons; and the expression of the lectin markers may reveal
details of connectivity that have not yet been discovered.

The use of epitope tags for the determination of the
subcellular distribution of proteins in invertebrates and in
cultured mammalian cells is very well established (18).
Because of the precision of homologous recombination in
E.coli, it is quite simple to introduce an epitope tag into the
protein encoded by the gene of interest in the BAC at the same
time that one introduces the marker genes (19). Since a variety
of epitope tags and their cognate antibodies are now available
commercially, one has a wide range of options from which to
choose (18). Although the introduction of an epitope tag into
the protein can in some cases change its subcellular
distribution, this is relatively infrequent and usually can be
overcome by changing the location of the tag within the
protein. Since the preparation of useful antibodies for a protein
of interest is often an expensive and long-term project, the
ability to detect the epitope-tagged protein in vivo offers a very
efficient and useful alternative. In trying to interpret CNS-

Figure 1. A typical BAC construct.

Figure 2. (A) High-resolution photograph of cerebellar Purkinje cells expressing EGFP. (B) High-resolution photograph of Bergmann cells expressing EGFP.
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expressed gene function, localization of its encoded product, or
correlation of its subcellular distribution in different cell types
or under different conditions, can provide crucial information.
Obviously, the spectrum of functions that one might consider
is significantly different for proteins located in the nucleus
than those present at the synapse. Furthermore, the redis-
tribution of the protein in response to a stimulus can also be
quite informative. For example, there are many well
characterized transcriptional responses that involve regulated
release of factors from cytoplasmic complexes and their entry
into the nucleus in response to growth factors, cytokines, etc.
(24). The ability to obtain this type of information in an
efficient manner using epitope tags presents a significant
advantage over the time-consuming preparation of sufficiently
useful antibodies to the native protein for these studies. The
development of peptide tags for affinity purification is also of
great utility (25). We have, for example, inserted the His6 tag
into the Zipro1 locus in BAC transgenic animals for the
isolation of Zipro1 containing transcription complexes from
cerebellar granule cells (19). It is now possible to utilize Ni+

chelation affinity chromatography to characterize the Zipro1
complexes using whole-brain extracts from the BAC
transgenic mice, as has been done very successfully for His-
tagged transcription factors in cultured mammalian cells (26).
This strategy can be extended for the purification of any
macromolecular complex from any cell type in the brain using
the BAC transgenic approach.

The utility of this strategy for analysis of CNS-expressed
genes is dependent on the BAC transgenes reproducing the
endogenous pattern of expression for the gene of interest. The
first two cases analyzed in my laboratory were BAC
transgenes for the Zipro1 (RU49) locus and the calbindin
locus. It is noteworthy that in both of these cases a large
number of conventional transgenic lines had been produced
and in no case had these lines reproduced the endogenous
pattern of expression (27). Instead, severe position effects were
observed that obviated the use of these conventional constructs
for in vivo studies. In both of these cases, several lines of BAC
transgenic mice were produced that completely reproduced the
endogenous pattern of expression. The efficiency with which
one obtains founders is comparable to that of conventional
DNA constructs. Occasionally, a transgene-positive line is
produced which does not express the gene. This may reflect
integration of the BAC construct into constitutive hetero-
chromatin, although no experiments to confirm this suggestion
have been carried out.

Although the technology for the production of transgenic
mice using modified BACs is relatively new, information from
>50 lines of mice carrying BAC transgenes for at least 15
different genes is available (14,19–21,28,29; J.M. Friedman,
H. Monyer and P.W. Rigby, personal communication,
unpublished data). These data demonstrate that the pattern of
expression of BAC transgenes in most cases reproduces that of
the endogenous locus, that the cell types expressing the genes
are the same in different lines carrying the same BAC
construct, and that the level of expression of the BAC
transgene correlates with the copy number inserted into the
mouse genome. Thus, BAC transgene expression is in general
position independent and gene dosage dependent. There are, of
course, exceptions to this rule. First, for very large genes, the
BAC strategy cannot work simply because the locus does not

fit into the BAC. Secondly, the position of the gene within the
BAC can strongly influence its expression. If the gene is
asymmetrically located in the BAC insert, e.g. if there is very
little 5′ flanking DNA present, then expression will not be
accurate. To circumvent this problem, one should choose a
BAC with the gene located near the center of the insert, so that
at least 30 kb of flanking DNA are present at both the 5′ and 3′
ends.

MUTANTS OF THE NERVOUS SYSTEM

During the past decade, a large number of mutations that affect
the mammalian nervous system have been identified by
positional cloning, or prepared using homologous recom-
bination. Many of these studies have yielded critical insights
into the function or dysfunction of the mammalian CNS and
these studies have been reviewed extensively in the literature
(30–32). Large-scale mutagenesis projects using chemical
mutagens or gene disruption strategies are currently under way
to generate a mutant mouse resource that can be used to screen
for additional mutations, some of which will affect the CNS
(33,34). These studies will continue to yield important
phenotypic information for neurobiologists, and the
subsequent identification of the genes affected by these
mutations can provide mechanistic information that is of great
benefit for understanding many aspects of CNS development
and function.

In spite of the utility of loss-of-function mutations for
genetic analysis, invertebrate geneticists have long recognized
that other genetic approaches must also be used if the full
power of genetics is to be focused on a given biological issue.
As elegantly argued by Miklos and Rubin (35): ‘Much of the
knowledge of developmental processes in the fly, worm,
mouse, and zebrafish, and of the cell biology of yeast, has been
obtained via loss-of-function perturbations… Nevertheless,
the loss-of-function approach quickly reaches a pragmatic
limit for several reasons… It is clear from such studies that
future work will be driven increasingly by powerful transgenic
technologies that allow finer and finer orchestrations of
multiple developmental networks in vivo.’ Although the use of
transgenic approaches for genetic analysis in mammals has not
been exploited frequently, the examples that have been
reported suggest that this type of approach will be of great
utility for studies of the CNS.

BAC-mediated gene dosage studies

The use of gene dosage experiments to study gene function is
commonplace in yeast and invertebrates. For example, high
copy number suppression screens have been useful for
identifying additional genes involved in cell cycle traverse in
yeast (36), and overexpression or misexpression screens are
now being used to uncover functions for approximately two-
thirds of the fly genes that have no readily observable loss-of-
function phenotype (37,38). The first studies utilizing large
genomic fragments for transgenic mice employed yeast
artificial chromosomes (YACs) to demonstrate that YACs
often carry all of the information necessary for recapitulation
of the endogenous pattern of expression, and thus can be used
to investigate complex transcriptional regulatory elements in
vivo and to clone mutant genes by complementation. The use
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of YAC transgenic mice to screen for functions by gene dosage
analysis was first reported in studies using YACs covering the
human Down syndrome locus to produce transgenic mice (39).
These studies reported learning and memory defects in mice
carrying an extra dose of the human minibrain gene,
implicating it in the learning defects associated with this Down
syndrome. This approach was extended for the identification of
genes initially identified as quantitative trait loci (QTLs) in
human genetic studies (40). In these instances, fine mapping of
the genes conferring these phenotypes took advantage of the
fragmentation of the YAC DNA during pronuclear injection,
allowing the investigators to map relatively small sub-
fragments of the YAC that could influence the phenotype.

The practical advantages of working with BACs versus
YACs (41) has resulted in a shift in emphasis from YAC
clones to BAC clones for positional cloning, for completion of
the Human Genome Project, and for complementation cloning
in transgenic mice. The first indication that BAC-mediated
gene dosage analysis might be an effective method of
screening for novel genetic functions came during the analysis
of the murine Clock locus (42). In these studies, it was
observed both that transgenic mice carrying a BAC from the
Clock locus could rescue the long-period and loss-of-rhythm
phenotypes of the original Clock mutations, and that it could
shorten the circadian period on a wild-type background. In this
case, complementary phenotypes were observed in the loss-of-
function versus increased gene dosage situations, indicating
that the Clock gene is both necessary and rate limiting for
production of circadian rhythms.

The demonstration that BAC-mediated gene dosage analysis
could uncover functions for genes that reveal no obvious
phenotype in the null state came from studies of the mouse
Zipro1 gene (19). Initial studies of the expression of this gene
in the developing CNS suggested a role in granule cell
proliferation (42). Gene targeting to produce null alleles of
Zipro1 was disappointing, yielding no readily observed pheno-
type and indicating that this gene is functionally redundant in
the murine genome. However, transgenic mice carrying
multiple copies of a BAC carrying the Zipro1 gene were
observed to have higher numbers of proliferating granule cell
precursors in the developing CNS, resulting in alterations in
cerebellar morphogenesis. Observation of the pattern of co-
expression of a marker gene inserted into this locus using the
BAC modification strategy discussed above revealed that
Zipro1 is expressed in the skin. Further analysis demonstrated
that Zipro1 also controls the proliferation of precursors at this
site. The fact that mice carrying the same number of copies of
the BAC from which the Zipro1 gene was deleted displayed
none of these phenotypes definitively demonstrated that it is
the Zipro1 gene, and not other adjacent genes carried in the
BAC, that plays a role in progenitor cell proliferation.

Several considerations indicate that this approach may yield
important information for many genes. First, the average
mouse gene is between 30 and 40 kb. Thus, BACs often
contain all the information necessary for correct copy-number-
dependent and position-independent transcription in transgenic
mice (16). For most genes, this ensures that the phenotypes
observed reflect increased dosage in the proper cell types in
vivo and reproducible results in different transgenic lines
carrying equivalent copy numbers. Secondly, the ability to
construct precisely modified BACs by homologous recom-

bination in E.coli (16) allows the insertion of marker genes to
confirm rapidly that transgene expression reflects the
endogenous locus, and to prepare appropriate controls for
dosage of other genes that might be carried on these large
genomic fragments. Thirdly, although it has been dem-
onstrated that duplication or triplication of most loci in
Drosophila melanogaster does not result in an overt phenotype
(42), genetic analysis using high-level expression via P-
element insertion, heat shock promoters and the GAL4 UAS
system has revealed relevant functions for many fly gene
products (37,38). Similar results have been obtained in
Caenorhabditis elegans (43). Thus, dosage experiments for the
large family of worm G-protein-coupled receptors revealed
functions for several members of this family that did not
display an informative phenotype using loss-of-function
analysis. Fourthly, the co-expression of a marker gene from the
typical construct employed for gene dosage studies (Fig. 1)
allows high-resolution analysis of precisely those cells most
likely to express an anatomical phenotype. This can present a
significant advantage over ‘forward genetic’ approaches in
which evaluation of subtle anatomic phenotypes is often very
difficult because the site of action of the mutation is not
known. Based on these results, and given the small fraction of
genes that yield an apparent loss-of-function phenotype, we
believe that BAC-mediated gene dosage analysis can provide
an important new tool for functional analysis of mammalian
genes. We anticipate that the extension of these techniques to
correctly express CRE recombinase in a large variety of CNS
cell types, or to express ‘knock down’, dominant-negative or
gain-of-function mutations via BAC-mediated transgenesis,
will offer additional important avenues for genetic analysis in
mice.

Animal models

The preparation of animal models for human CNS disease has
been an extremely important development of the last decade.
For dominant mutations, the use of transgenic techniques to
model human disease has led to major advances in our
understanding of pathogenic mechanisms (32). However, these
studies have also highlighted the limitations of conventional
transgenic methodology for the production of accurate animal
models, and the difficulties associated with modeling human
pathophysiology in mice. One major problem faced in the
creation of animal models derives from the fact that many of
the genes involved are widely expressed, yet result in a
stereotyped and relatively cell-specific pathological pro-
gression. To understand the factors mediating this progression,
or even to evaluate whether this progression can be studied in
mice, it is important that the mutant gene product be expressed
accurately. For some genes, the use of ‘knock in’ strategies to
reproduce the human mutation has been an effective solution
to this problem (42). However, in many cases, in particular for
long-term neurodegenerative diseases such as the ‘triplet
repeat’ diseases, a single copy of the mutant allele is not
sufficient to reproduce the pathology one hopes to investigate
during the relatively brief lifetime of a mouse. In these
instances, increasing the dosage of the mutant gene can often
accelerate the pathogenic process so that it can be studied in
mice.
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The facility and precision of the current methods for BAC
modification (unpublished data), and the position-independent
and dosage-dependent expression of most BAC transgenes,
offer a powerful avenue for the production of accurate animal
models for human disease. Although this methodology has not
yet been extensively exploited for this purpose, the ‘hit and
run’ nature of the BAC modification system presents an
important advantage for this type of experiment because it
allows serial modifications to the same BAC. One can, for
example, introduce epitope tags and appropriate markers into
the gene in the first round of modification, and produce
different mutant alleles of the protein of interest in a second
round of modification. Alternatively, one can produce mice
with regulated production of the protein of interest using a
single BAC transgene in which the transcriptional regulatory
factor of interest replaces the endogenous gene in the first
modification step, followed by insertion of the transcriptional
response elements driving expression of the mutant protein
into the BAC vector in the second step of modification. This
strategy allows the production of mice that express the mutant
gene product in a temporally controlled manner in only the
cells of interest. For example, we have recently used this
strategy to insert the rTTA transcriptional regulatory system
(44) into the calbindin BAC so that we can express the mouse
Lurcher gene in a temporally controlled fashion in cerebellar
Purkinje cells (unpublished data) for further investigation of
the mechanisms of cell death elicited by expression of
GluRδ2Lc.

CONCLUSIONS

In this review, I have focused on recently developed BAC
transgenic technology that can accelerate the analysis of CNS-
specific gene expression and function. These methods exploit
the accurate transcriptional regulation of genes present on
BACs in transgenic mice, and the ability to manipulate
precisely these large genomic DNA constructs in E.coli, to
develop a new strategy for investigation of CNS-expressed
genes. This strategy presents an efficient alternative to
traditional approaches for the analysis of CNS-specific gene
expression and protein localization. It also represents an
additional and very important tool for genetic analysis in
mammals, and for the creation of animal models of human
disease. It seems evident that the application of BAC
transgenic methodology, and its combination with novel
strategies for the functional analysis of genes, cells and
neuronal circuits in vivo, will have an increasingly important
impact on our understanding of the mammalian CNS.
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