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Those who have observed brain sections
stained by the Golgi method would agree
with Ramon y Cajal1: “What an unex-
pected sight!…everything is simple, clear
and unconfused. There is no longer any
question of interpretation.” The Golgi
method labels a very small population of
random neurons in their entirety in an
otherwise unstained brain, allowing visu-
alization of dendritic trees of individual
neurons and tracing of long distance
axonal projections1. It is difficult to over-
estimate the enormous contribution this
method has brought to neuroscience.

Now imagine that one can use genetic
manipulation to create, at will, singly-
labeled neurons in intact brain tissue or
in vivo, and moreover, knock out endoge-
nous genes in only these labeled neurons.
This will help us to assess the functions
of genes in single clearly labeled neurons,
increasing the power of phenotypic detec-
tion; avoid pleiotropic effects of genes by
focusing on the tissue and developmen-
tal stages of interest; and determine cell-
autonomy of gene action. The cellular and
molecular mechanisms that ensure the
elaborate connection and function of the
nervous system can then be dissected with
single neuron resolution.

How can one achieve this purpose?
Genetically mosaic animals, in which a
subset of somatic tissues have different
genotypes compared to the rest of the
organisms, have long been used to attack
biological problems in Caenorhabditis 
elegans, Drosophila and mice. Tradition-
ally, genetic mosaic animals were gener-
ated via spontaneous or X-ray-induced
mitotic recombination, resulting in prog-
eny homozygous mutant for a candidate
gene of interest in the heterozygous (and
therefore phenotypically normal in most
cases) background. In mice, chimaeras
can also be generated by mixing embry-
onic cells of different genotypes. With the
introduction of sequence-specific recom-
bination systems such as FLP/FRT or
Cre/LoxP, not only can one dramatically
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dendrite development, isolate new
mutants affecting complex neural devel-
opmental processes, and study neural net-
work assembly6–8.

The use of MARCM is not limited to
studying neural development. For
instance, a GAL4/UAS-based system has
been described to conditionally inactivate
synaptic transmission—by a simple tem-
perature shift resulting in the expression
of dominant temperature-sensitive
mutant protein involved in synaptic vesi-
cle endocytosis—in all neurons that
express GAL49. This has proven very use-
ful to identify the roles of specific groups
of neurons in specific behaviors10–12. It is
conceivable that one can further map the
function of individual neurons important
for a specific behavior by combining this
technique with the MARCM system.

How about mice? Through homolo-
gous recombination, endogenous genes
can be removed in otherwise wild-type
mice13. However, powerful, standard gene
targeting has limitations: many genes have
pleiotropic functions that impede the
analysis of their nervous system functions.
‘Conditional knockout’ based on Cre/loxP
site-directed homologous recombination
has been used be to remove genes selec-
tively in particular developmental stages
or a subset of tissues14,15. FLP/FRT has
also been used16. As discussed above, it
will be very useful if one can delete genes
in isolated neurons and simultaneously
visualize these mutant neurons. Using the
current technology15, one can, in theory,
uniquely label homozygous null mutant
cells in the Cre/Lox system by inserting a
marker gene after the transcription stop
in the ‘floxed’ allele. Most Cre-mediated
recombination is ‘too efficient’ to gener-
ate single-neuron mosaics. However, Cre-
expressing mice generating very low
efficiency recombination have been
reported, capable of labeling isolated sin-
gle neurons in vivo (personal communi-
cation, J. Huang, Cold Spring Harbor and
S. Tonegawa, MIT). Still, there are several
technical limitations in applying the above
method other than the intense labor need-
ed to generate these mice individually.
Could a systematic way of generating
mosaic animals be established by making
use of mitotic recombination between
homologous chromosomes in mice, as in
Drosophila? The biggest unknown seems

increase the efficiency of generating
mosaic animals, but also control where
and when such recombination occurs by
dictating the expression pattern of the
FLP or Cre recombinase.

Mosaic analysis is only useful if one
can tell apart mutant cells from wild-type
cells. In Drosophila, for instance, tradi-
tional mosaic analysis relies on external
markers such as body color or bristle
shape. To make it versatile, a cell marking
system was introduced in the highly effi-
cient FLP/FRT system2 by placing a mark-
er gene on the chromosome arm in trans
to the mutation of interest, both distal to
the homologous FRT sites. After mitotic
recombination, homozygous mutant cells
become the only cells in mosaic animals
that do not express the gene, and hence
are uniquely unlabeled3. FRT transgenes
have been inserted at the bases of all chro-
mosome arms to allow mosaic analysis of
vast majority of genes3. Although very
useful in studying many developmental
biology problems, it is not ideal to study
complex neuronal morphogenesis, as one
cannot visualize mutant neurons.

The MARCM system4 (for mosaic
analysis with a repressible cell marker) in
Drosophila solved this problem. Taking
advantage of the highly successful
GAL4/UAS binary expression system in
Drosophila5, we introduced the GAL80
protein, an inhibitor of GAL4, into flies
under the control of a ubiquitous pro-
moter. The GAL80 transgene was placed
on the chromosome arm in trans to the
mutation of interest. The generation of a
homozygous mutant cell is therefore cou-
pled with the loss of the GAL80 transgene,
and hence allows the marker gene expres-
sion. In this way, only homozygous
mutant cells are uniquely labeled in the
mosaic animal4. By controlling where and
when the FLP recombinase is expressed,
uniquely labeled single mutant neurons
can be generated routinely. The MARCM
system has been used to study cell lineage,
analyze gene function in axon and 
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to be whether one can achieve a suffi-
ciently high recombination rate between
homologous chromosomes in somatic
cells of mice.
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The evolving genomics technologies offer
unprecedented opportunities for neuro-
scientists. Many questions now under
investigation simply could not have been
addressed with previous methods, in
which the expression of only one or a
handful of genes could be examined. At
the heart of all the new methods is the
ability to examine expression of tens of
thousands of genes at the RNA and/or
protein level; high throughput is envi-
sioned such that analyses can be run on
large numbers of samples, leading to sta-
tistical significance for even modest
changes in expression levels. The new
technologies enable characterization of
the genes that are expressed by samples
as small as a single cell1 and as complex
as the human brain. Neuroscientists are
just beginning to apply genomics meth-
ods to problems such as measuring
responses to chronic drug application2

and characterizing developmental gene
expression programs3.

Many of the most popular methods
rely upon microarrays or ‘chips,’ in which
nucleic acids (and more recently, proteins)
are attached to relatively small sup-
ports4–6. Fluorescently labeled cDNA
probes are then used, which are taken
from tissue or cells prepared in a variety
of ways. A major advantage of chips is that
they promise high throughput and are
very easy to use. However, it is somewhat
difficult to make one’s own, and com-
mercial arrays are currently expensive and
limited in terms of the number of genes
represented and the species from which
they are taken. The sensitivity, accuracy

Tackling the brain’s genetic
complexity
Constance L. Cepko

and reproducibility of the microarray
methods are currently being defined.
However, with respect to sensitivity, the
data to date are promising. For example,
a probe prepared from the brain applied
to a microarray representing approxi-
mately 18,800 genes revealed expression
of a large percentage of those genes7.

For a relatively small number of sam-
ples, serial analysis of gene expression
(SAGE8) is an alternative to microarrays.
SAGE does not require sophisticated
hardware or an infrastructure to set up,
but it is expensive and slow, as it requires
large-scale sequencing (usually contracted
to a sequencing facility). It involves mak-
ing cDNA using standard molecular bio-
logical techniques and then sequencing
14–15 base pairs of each cDNA, which is
referred to as a tag. The extensive collec-
tion of sequences in the public databases
usually allows one to identify a tag as part
of an expressed sequence tag (EST) or
gene. By sequencing large numbers of
tags, one can look for expression differ-
ences in samples from different condi-
tions, such as normal versus diseased
tissue. A major advantage of SAGE is that
data-sharing is straightforward: each
SAGE library is made in the same way, the
data comprise simple frequencies of tags,
and from anywhere in the world, the fre-
quency of a tag in one sample can be
directly compared to the frequency of that
same tag in another sample (for example,
see ref. 9). In contrast, microarray data are
difficult to share, as chips themselves vary
widely, probes are made using different
protocols, data are expressed as relative

differences among probes, and the meth-
ods of calculating signal versus noise vary
significantly10.

As the number of SAGE libraries from
different tissues increases—SAGE libraries
are now being analyzed from the cerebel-
lum, hypothalamus, cerebral cortex, and
retina—we are learning about the tissue
specificity of expression of different genes.
My laboratory has used SAGE to sequence
over 700,000 tags from the developing,
mature and diseased mouse retina 
(S. Blackshaw and C.L.C., unpublished
observations). These data allow us to
define a complete (or nearly complete) set
of genes expressed in photoreceptor cells,
including many newly characterized genes
whose expression is enriched in or is spe-
cific to photoreceptor cells. Because pre-
viously characterized photoreceptor-
specific genes comprise a significant frac-
tion of the genes that cause blindness, the
newly characterized set are anticipated to
be involved in human disease as well. This
method of disease gene discovery can be
extended to other tissues where specifici-
ty of expression provides excellent candi-
dates for disease genes.

Neuroscientists will be able to use both
SAGE and microarrays to finish what
Cajal began—that is, to make a catalogue
of the cell types that comprise the brain.
This catalogue will be based on the genes
expressed in each area, ideally following
examination of individual cells. The cat-
alogue will provide for several important
advances. First, we will know how many
different types of cells we are dealing with.
Second, on the basis of gene expression
patterns, strains of mice bearing green 
fluorescent protein or other live reporters
can be created to mark specific cell
types11,12; combinatorial strategies will
allow for unique marking in cases where
a unique gene will not mark a specific 
cell type. Specific cell types can be isolat-
ed from these strains for applications
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