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The mammalian central nervous system (CNS) contains a remarkable array of neural cells, each with a complex pattern of
connections that together generate perceptions and higher brain functions. Here we describe a large-scale screen to create an
atlas of CNS gene expression at the cellular level, and to provide a library of verified bacterial artificial chromosome (BAC) vectors
and transgenic mouse lines that offer experimental access to CNS regions, cell classes and pathways. We illustrate the use of this
atlas to derive novel insights into gene function in neural cells, and into principal steps of CNS development. The atlas, library of
BAC vectors and BAC transgenic mice generated in this screen provide a rich resource that allows a broad array of investigations

not previously available to the neuroscience community.

Since the revolutionary work of Ramon y Cajal’, the structure of the
nervous system has been interpreted in the context of specific
neuronal and glial cell types, and their inter-relationships. The
remarkable range of cell types present in the CNS and the complex-
ity of their interconnections complicate efforts to provide a
thorough analysis of CNS gene expression, and demand that
expression data be collected at cellular resolution. The development
of transgenic mouse methodology for reporter gene analysis using
precisely modified BACs offers a new method for correlation of gene
expression with cell type, because the elaborate specializations of
morphologically complex cells can be visualized™*. We describe here
a large-scale project using BAC transgenic mice to provide detailed
gene expression information for CNS-expressed genes, to identify a
library of BAC vectors for manipulation of specific CNS cell types,
and to provide a collection of mouse lines carrying enhanced green
fluorescent protein (EGFP) reporter genes in a large variety of CNS
cell types. We demonstrate the use of this approach to formulate
detailed hypotheses concerning individual gene functions, to ana-
lyse cell migration, to discover novel topographic features of CNS
projections, and to define BAC vectors that provide experimental
access to cells within the circuitry of neural systems.

The GENSAT BAC Transgenic Project

The ability to use reporter gene strategies in transgenic mice to map
gene expression at cellular resolution was first demonstrated using
modified BACs carrying ~150 kilobases (kb) of genomic DNA
surrounding the mouse Ziprol gene’. Subsequent studies have
established the general utility of BAC transgenic mice for analysis
of mammalian gene expression and function, for the isolation of
specific cell populations, and for the identification of effective
vectors that can allow reproducible experimental access to specific
cell types®. Visualization of EGFP expression in specific neuronal or
glial cell populations has also provided compelling evidence that
this strategy can result in the identification of expressing cell
types, as the detailed morphology of EGFP-expressing cells is
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apparent. The Gene Expression Nervous System Atlas (GENSAT)
BAC Transgenic Project is designed to take advantage of these
features of EGFP reporter genes to provide detailed expression
maps for thousands of genes. The basic strategy for the project is to:
(1) select genes to be analysed; (2) prepare modified BACs in which
an EGFP reporter gene is substituted for the gene of interest; (3)
prepare transgenic lines carrying each reporter construct; (4)
analyse systematically reporter gene expression in these lines during
development of the CNS; and (5) annotate the expression data and
report to a public database.

Methodological considerations

This project has required critical decisions regarding the overall
strategy of the project, refinements of existing methodologies, and
development of new resources for data management and presen-
tation. In particular, new methodology was developed and tested for
the production of BAC reporter gene constructs, for efficient
production of BAC transgenic mice, and for presentation of the
anatomical data using a web-administered database (http://
www.gensat.org/). These decisions and methodological improve-
ments are described in the Supplementary Information.

The GENSAT BAC Transgenic Project is the first large-scale effort
to use both the mammalian genome sequence and the BAC clones
that provide the basis of the genome physical map to generate
anatomical data and experimental resources for use by the neuro-
science community. The usefulness of the GENSAT data, vectors
and animals to the neuroscience community depends in part on the
accuracy of the expression data obtained and the ability to target
gene expression in a reproducible manner using the BAC vectors
described in the GENSAT project. Comparative analysis of data
collected for known genes targeted using BACs selected from the
mouse genome databases versus expression data available in the
literature or in our laboratories has highlighted several important
points regarding the BAC transgenic approach to gene expression

mapping.
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First, in each of the BAC transgenic vectors, the endogenous
messenger RNA and protein coding sequences have been replaced
by sequences encoding the EGFP reporter gene. As in any gene-
replacement experiment, the stabilities of the reporter gene mRNA
and protein can be different from those of the endogenous gene
products. Thus, our results identify the relative rates of transcrip-
tion for each gene in cells of the nervous system; they are not a direct
measure of mRNA accumulation or protein abundance for the
endogenous gene products. Furthermore, the increased sensitivity
of the reporter gene assays, particularly in BAC transgenic lines
carrying multiple copies of the BAC transgene, may allow detection
of sites of expression that are not evident from in situ hybridization
experiments. For these and other reasons, one can expect some
differences between the GENSAT expression data sets and in situ
hybridization or immunohistochemical data, particularly for
dynamically regulated genes.

Second, to achieve a high rate of success in reproducing the
expression pattern of a gene of interest, it is necessary to include the
entire transcription unit and all of its associated regulatory infor-
mation. There is at present no way of predicting the locations of
these regulatory elements. However, as the average transcription
unit for mammalian genes is less than 100kb, and the carrying
capacity of BACs is several hundred kilobases, it is possible in most
cases to identify a BAC covering the transcribed unit and including
50-100 kb of 5'- and 3'-flanking intergenic DNA. In our experience
so far, ~85% of BACs chosen using these general parameters express
reproducibly in multiple transgenic lines. Those that do not express
reproducibly owing to position effects on integration into the
genome are easily identified, because the sites of expression vary
significantly between lines.

Third, the release of the mouse genome databases** has markedly
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Figure 1 Expression of Chat from different BAC constructs. Expression in adult sagittal
sections from a BAC transgenic line prepared using BAC RP23-51F19 (a) or BAC RP23-
431D19 (b). Panels 1-6 show higher-magnification images of the cerebral cortex (panel
1), basal forebrain (panels 2 and 3), brainstem (panels 4 and 5) and spinal cord (panel 6).
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improved the ability to identify and target an appropriate BAC for
this screen. For example, our original BAC transgenic lines for
choline acetyltransferase (Chat) were prepared before release of the
genomic databases using a BAC (RP23-51F19) that we subsequently
learned contained ~85kb of 5'-flanking DNA, but truncated the
gene ~25 kb before the polyA addition site. As shown in Fig. 1a, this
BAC expressed well in transgenic mice, correctly revealing the main
cholinergic brainstem nuclei (Fig. la, panels 4 and 5) and spinal
cord motor neurons (Fig. 1a, panel 6). However, no expression was
detected in the basal forebrain (Fig. la, panels 2 and 3), and
moderate ectopic expression of the BAC transgene was detected in
layer 2—3 of the cerebral cortex (Fig. la, panel 1). On release of the
genomic databases, BAC transgenic reporter lines were redone using
BAC (RP23-431D9) covering the entire Chat locus, including
~85kb of 5'-flanking DNA and ~60kb of 3'-flanking DNA. As
illustrated in Fig. 1b, expression of the reporter gene in these mice
faithfully reproduced that of the endogenous gene, revealing the
appropriate brainstem cholinergic nuclei (Fig. 1b, panels 4 and 5),
spinal cord motor neurons (Fig. 1b, panel 6), and basal forebrain
(Fig. 1b, panels 2 and 3) and cortical interneuron populations
(Fig. 1b, panel 1). Critical regulatory elements must reside within
the 3’-flanking DNA of the mouse Chat locus.

Fourth, for very large genes (>200 kb), the BAC approach to gene
expression mapping has a low probability of success. Thus, about
10% of the lines we have analysed so far were for large genes in
which the reporter gene construct contained ~100 kb of 5'-flanking
DNA and ~100kb of the transcription unit. In only one case has
this approach been successful.

Finally, for most genes, multiple copies of the EGFP reporter gene
are required for a sufficient signal-to-noise fluorescent ratio in
tissue slices.

Thus, multiple lines carrying the BAC transgene were routinely
screened to choose an optimal line for in-depth expression analysis.
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Figure 2 Cell lineage revealed by expression data from reporter gene analysis in BAC

transgenic mice. a, Labelling of P7 Gsc/BAC transgenic brain; the only structure labelled
is the IPN of the brainstem (panel 1). b, Gscl expression at E15.5. Higher magnification
reveals individual migrating neurons (panel 2). ¢, Labelling of E10.5 reveals two labelled
cells (panel 3). Higher magnification shows the two committed progenitor cells of the IPN.

NATURE | VOL 425 | 30 OCTOBER 2003 | www.nature.com/nature




Data from the chosen line are included in the database using the
following descriptors: ‘confirmed’ refers to genes in which multiple
lines yield matching data sets that agree with the available literature,
or in which a single line has been produced that matches the
available literature. In those cases where there is a discrepancy
between the literature and the reporter gene data (missing or
additional sites of expression), this is noted in the database; ‘to be
confirmed’ refers to genes in which multiple lines produce matching
data sets, but for which no independent expression data are
available. ‘Anomalous’ refers to data collected from BAC reporter
constructs producing different expression patterns in different lines
(that is, position effects).

Biological insights from GENSAT expression data

To illustrate the advantages of systematic analysis of gene expression
using BAC transgenic reporter analysis to formulate precise hypoth-
eses concerning gene function in development, we have chosen
specific examples relevant for cell specification, axon—target inter-
actions, cell migrations and studies on neural systems.

The Gscl gene is involved in neural specification

One of the most striking advantages of the BAC constructs is the
ability to visualize small cohorts of cells that express a particular
gene and to follow their development over time. Gscl (goosecoid-
like) was discovered during genomic analysis of the DiGeorge
syndrome/velocardiofacial syndrome (DGS/VCES) critical region
in the human genome®. It is a member of a small family of
homeodomain genes that includes goosecoid and GSX, and binds
a conserved DNA sequence consistent with its proposed function as
a transcription factor’. Inspection of BAC transgenic reporter lines
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Figure 3 Predicting developmental functions for specific genes on the basis of expression
data in BAC transgenic mice. a, Serial sagittal sections of P7 Sema3b BAC transgenic
mice. Numbered arrows indicate areas shown in the corresponding panels. Neurons that
project mossy fibre afferents to the cerebellar cortex and cerebellar Golgi neurons are
labelled: pontine nucleus (panel 1), vestibular nucleus (panel 2), the spinocerebellar tract
(panel 3) and the cerebellar cortex (panel 4). Confocal microscopy of Golgi neurons
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for Gscl at postnatal day 7 (P7) reveals robust expression in a subset
of neuronal cell bodies within the interpeduncular nucleus (IPN)
(Fig. 2a, panel 1). Lower levels of axonal expression (and an
occasional cell soma) are evident in the tegmental nucleus, which
receives afferent input from the IPN (data not shown). At embryo-
nic day 15.5 (E15.5), Gscl expression in the developing IPN and in
the ventricular zone adjacent to the developing IPN is evident, as are
profiles of migrating neurons transiting from the ventricular zone to
the area of the presumptive IPN (Fig. 2b, panel 2). The exquisite
specificity of Gscl expression in the developing CNS, and the ability
of BAC transgenic reporter gene studies to reveal this specificity,
are most dramatically illustrated by analysis of these mice at E10.5
(Fig. 2¢, panel 3). Only two cells expressing EGFP were detected in
serial sections of a whole Gscl BAC transgenic embryo. These cells
are present in the ventricular zone at the border of the developing
mesencephalon and metencephalon, as expected from visualization
of the expanding IPN progenitor pool in E15.5 embryos. These
results suggest that Gscl is a lineage marker for a specific class of
neurons that arise in the ventricular zone at E10.5, establish a
progenitor pool that is still differentiating and migrating into the
presumptive IPN at E15.5, and eventually settle into the IPN during
the first postnatal week. Although previous in situ hybridization
data are consistent with this proposal, the ability to visualize
Gscl-expressing cells and their projections with such precision has
allowed us to suggest a hypothesis that could not be formulated
based on the in situ hybridization data. Furthermore, the identifi-
cation of Gscl expression in a small population of neurons in the
IPN suggests a functional role for Gscl that has not been tested in
any of the studies done to assess the consequences of loss of Gscl
function in vivo. For example, loss of this small cell population as a
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(panel 4, fluorescent insert). A novel topographic map of retinal ganglion axons is seen in
the superior colliculus (panel 5). Confocal microscopy reveals labelling of cells in

the cerebellar cortex (panel 4, fluorescent insert). b, Sema3b expression in the developing
olfactory system (E15.5): MOB (panel 6), olfactory epithelium (panel 7), vomeronasal
organ (panel 8). ¢, Sema3b expression in the adult: external plexiform layer (panel 9); AOB
(panel 10).
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consequence of Gscl deletion would be missed unless specific
markers that identify this cell type were examined in the knockout
animals. Given the important functions of the habenular/inter-
peduncular system in the generation of hippocampal theta rhythms
and the control of rapid-eye-movement sleep®, one might expect
electroencephalographic recordings in freely behaving, Gscl null
mutant mice to reveal important, yet subtle, behavioural pheno-
types. These studies would now seem warranted, particularly given
the presence of this gene in the minimal DGS/VCES critical region®
and the clinical complexity of this syndrome®. Further investigation
of these issues will be aided by the ability to visualize the EGFP-
expressing neurons of the IPN using the BAC transgenic line
presented here.

The Sema3b gene is involved in axon—target-interactions

Another key step in the development of the CNS is the outgrowth of
specific sets of axons and their interaction with particular targets. In
our screen, the semaphorin 3B (Sema3b) BAC transgenic mice
provide an example of the ability of BAC constructs to reveal the
morphology and axon-target projection patterns of neurons that
express a particular guidance molecule. Sema3b is a member of a
small family of secreted semaphorins, first characterized as repulsive
axon guidance signals'®">. Although the specific roles of Sema3b in
vertebrates are not yet clear, Sema3b can act to repulse axons
expressing neuropilin 2 (Npn2), and can antagonize the repulsive
action of Sema3a on axonal growth cones expressing neuropilin 1
(Npnl)®.

In the developing cerebellar system Sema3b marked the projec-
tion neurons from the pontine nucleus, the vestibular nucleus and
the spinocerebellar tract (Fig. 3a). Mossy fibres emanating from the
pons (Fig. 3a, panel 1), the vestibular nuclei (Fig. 3a, panel 2) and
the spinocerebellar tract (Fig. 3a, panel 3) were labelled clearly
(panel 4). In addition, the large Golgi interneurons (Fig. 3a, panel 4,
lower arrow and fluorescent inset) present in the granule cell layer
also expressed the EGFP reporter. This distribution is particularly
interesting, as each of the Sema3b-expressing cell types in the
brainstem, spinal cord and cerebellum provide presynaptic contacts

E10.5 E15.5

Figure 4 Genesis and migration of cortical interneurons is revealed with Lhx6 BAC
transgenic mice. a, Interneurons are born in the ventral forebrain (E10.5, left panel,
arrow), which gives rise to the MGE (E15.5, middle panel, arrow). By E15.5, interneurons
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to cerebellar granule cells. Moreover, it is noteworthy that Sema3a is
expressed in cerebellar Purkinje cells and can collapse growth cones
of basilar pontine axons in vitro'. As mossy fibres grow through a
field of immature granule cells and Purkinje cells before establishing
synapses with granule neurons, these data suggest that Sema3b
might transiently antagonize the repulsive action of Sema3a during
targeting of Sema3b-expressing mossy fibre axons to, and ramifica-
tion of Golgi cell axons within, the developing cerebellar internal
granular layer.

Visualization of the expression of the EGFP reporter in Sema3b
BAC transgenic mice also predicts an important role for Sema3b in
the formation of the circuitry of the olfactory system. In E15.5
embryos, Sema3b expression in the developing olfactory system is
widespread (Fig. 3b). Individual cells expressing the reporter are
evident throughout the olfactory epithelium (Fig. 3b, panel 7), and
labelled axon fascicles extend from these cells to the surface of the
developing main olfactory bulb (MOB; Fig. 3b, panel 6). Intense
expression is also present in the developing vomeronasal organ
(VNO; Fig. 3b, panel 8). Two features of the staining patterns
suggest specific roles for Sema3b in the formation of axonal
projections to the MOB and the accessory olfactory bulb (AOB)
from the sensory epithelia. First, we do not observe Sema3b-
expressing axons exiting from the external plexiform layer into
the glomerular layer of the MOB at any stage of development
(Fig. 3D, panel 6; Fig. 3¢, panel 9). Given the strong expression of
Serma3a in the developing olfactory epithelium (Fig. 3b, panel 7), it
is possible that transient Serna3b expression is required to antago-
nize the repulsive effects of Sema3a on olfactory sensory neuron
growth cones as they exit from the nasal epithelium and project to
the MOB. In both the MOB and the cerebellar cortex, we suggest
that Sema3b must be turned off as axons reach their targets so that
Sema3a expression in mitral cells and Purkinje cells, respectively,
can prevent axons from overshooting their normal target fields.
Second, Serna3b-expressing neurons in the VNO (Fig. 3b, panel 8)
project specifically to the posterior AOB (Fig. 3¢, panel 10). In Npn2
knockout mice, axons from apical VNO neurons overshoot their
normal terminal field in the anterior AOB, and invade the posterior
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arrive in the cerebral cortex (right panel, arrows). b, At P7, interneurons have spread
through the cortex (arrows); higher magnification is shown in the right panel.
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AOB". As Sema3b can bind to Npn2-containing receptors with
high affinity, these results suggest that the release of Sema3b from
axon terminals in the posterior AOB may have a direct role in
repelling Npn2-expressing axon terminals from the posterior AOB.

Finally, the Serna3b BAC transgenic mice revealed a novel pattern
of axon—target interactions in the superior colliculus (Fig. 3a, panel
5). Axons from the retina arrive at the superior colliculus embry-
onically, although their invasion of the superficial grey layer is
delayed until shortly after birth'®"”. During the first few postnatal
weeks, significant remodelling of retinocollicular projections occurs
to establish the adult retinotopic map'®'®. Sema3a (collapsin 1) has
been shown to bind to retinotectal fibre tracts in chick embryos, and
to induce retinal ganglion cell (RGC) growth cone turning in vitro'®,
suggesting a role for semaphorins in establishment of the retino-
tectal (retinocollicular) projection. The pattern of Sema3b-
expressing RGC axons in the superior colliculus at P7 is provocative
(Fig. 3a, panel 5). In medial sagittal sections from Sema3b BAC
transgenic mice, an interesting striped pattern of RGC projections
to the superior colliculus is evident (Fig. 3a, panel 5). These results
predict a role for Sema3b in the formation or refinement of the
retinocollicular map, and reveal a novel topographic feature of the
map that is not explained by the reported actions of ephrins®*** and
Eph receptors in establishing the anterior—posterior map of RGC
terminal fields on the superior colliculus. Taken together, the
Sema3b expression data illustrate the advantages of reporter gene
assays to reveal novel topographic features of the CNS that cannot
be visualized by conventional methodology. Moreover, the Sema3b
BAC transgenic animals offer the means to examine the behaviour
of growing axons in real time as well as to carry out further genetic
studies on the role of Sema3b in axon guidance.

Lhx6 and Pde1c genes reveal tangential migratory patterns

The migration of immature neurons from germinal zones to
positions where they form synaptic connections is one of the
hallmarks of cortical development. The BAC transgenic mice
provide a means to visualize these migrations in real time and to
follow the same cells over the developmental epoch of neural layer
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Figure 5 Expression of Pde7c reveals a novel and distinct migratory pathway in

developing brain. a, At E10.5, EGFP-positive cells are visible along the dorsal aspect of
the neural tube. At E15.5 (middle panel), labelled cells are present in the anterior portion
and superficial aspect of the cortex. At higher magnification (right panel), cells above the
cortical plate are labelled. b, At P7, cells in layer 1 of the cortex are labelled (arrow). The
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formation. Genetic analysis of mice lacking the transcription factors
DIx1, DIx2 and Nkx2.1 has identified an important pathway of
cortical interneuron migration that runs from the basal forebrain
into the cortex***. An early population of cells migrates from the
medial ganglionic eminence (MGE) up into the cortex, giving rise to
GABA (y-aminobutyric acid)-containing interneurons. Later, cells
from the lateral ganglionic eminence (LGE) migrate dorsally into
the cortex, also generating GABAergic interneurons. As some 20%
of the neurons in the cortex are these GABAergic interneurons,
these ventrodorsal cell migrations provide a large proportion of
cortical neurons®. Recent studies indicate that antibodies against
Lhx6 stain migrating MGE cells. In the current screen, Lhx6
provided a marker for these cells®. Although antibody labelling
studies showed expression of Lhx6 in this migratory stream, they did
not provide direct access to the development of cells expressing
Lhx6. As shown in Fig. 4, Lhx6-positive cells were visible in the
ventral forebrain as early as E10.5, with a large population of cells
evident in the MGE by E15.5. At E15.5, cells can be seen migrating
from the MGE up into the cortex. Higher-magnification views at
E15.5 reveal small, labelled cells in the cortex in the marginal zone
and scattered throughout the cortical plate. This pattern is in good
agreement with studies of the migration pattern of Dil-labelled
cells. By P7, the migration is nearly complete and labelled cells are
absent from the marginal zone. Dense bands of EGFP-Lhx6 cells
are seen across the cortex; on the basis of their morphology, these
are apparently interneurons. Thus, the Lhx6BAC transgenic mouse
provides an ideal system for dynamic studies on the genesis and
migration of cortical interneurons.

In addition to generating lines of mice that confirm existing
models of cell migrations in the cortex, lines were identified that
revealed new pathways of migration. One of these was the phos-
phodiesterase 1C (Pdelc) gene, a cyclic nucleotide-hydrolysing
phosphodiesterase that is important in regulating some cyclic
AMP responses of postsynaptic receptors”. Although Pdelc has
not been studied extensively in the CNS, experiments in smooth
muscle cells support a role in cell proliferation and differentiation?®.
In the E10.5 embryo, staining was seen along the dorsal ridge of the
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right-hand panel shows higher magnification with confocal microscopy (inset); layer 1
Cajal Retzius cells express the reporter gene. Cells that undergo a similar pattern of
migration, the cerebellar granule cells, are also labelled, as are cells in the olfactory bulb
and pontine nucleus.
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spinal cord, within the rhombic lip of the midbrain-hindbrain
territory and in the anterior aspect of the telencephalic vesicle
(Fig. 5). By E15.5, Pdelc marked a major population of dorsally
migrating neurons, the external germinal layer of the fourth
ventricle, and another population of dorsally migrating cells in
the cerebral cortex. Along the fourth ventricle, the labelled cells were
the precursors of the cerebellar granule neurons, which spread
across the surface of the cerebellar anlagen at this developmental
stage as a population of mitotic, migratory cells. In the cortex, Pdelc
marked a population of cells in the retrobulbar region of the cortex.
By E15.5, labelled cells had spread across the cortical surface in a
tangential migratory pattern that matched the pattern proposed for
neurons in the subpial granular layer (SGL). Although earlier
evidence held that these cells were present only in human cortex,
recent studies® have proposed that this cell population migrates
across the surface of the cortex, intermingling with ‘pioneer’
neurons that arise from the cortical ventricular zone and migrate
radially to form the marginal layer®. Previous studies have not
clearly distinguished these two populations as they both express
the reelin gene® and only occasionally calretinin. By P7, Pdelc-
expressing cells persisted in layer 1 of the cortex, suggesting they are
the SGL cell population because these cells persist longer than

Figure 6 Layer-specific gene expression in the developing cerebral cortex. a—d, P7 BAC
transgenic mice expressing Sema6d (@), P271 (), Dra4 (e) and Otx7 (d). The right-hand
panels show higher magnification of cells in the same sections. Sema6d is expressed in
cells of layer 2—3. P271 is expressed in pyramidal neurons of layers 2 and 5. Drd4 is
expressed in layer 5 pyramidal cells in the frontal cortex, and Otx7 is expressed in
pyramidal cells of layer 5-6. For Otx7, pyramidal cells are evident in the confocal image of
unstained sections (d, right-hand panel).
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pioneer neurons, which are thought to disappear by birth. Thus,
Pdelc marks this previously unstudied cell population and provides
a means to study the dynamics of the proliferation and migration of
these cells.

Access to cells within specific synaptic circuits

In addition to revealing developmental processes, many of the genes
studied in the BAC transgenic screen marked specific cell classes
within particular systems of the CNS. This is one of the most
important results of the screen, as EGFP-labelled cells can be used
directly for anatomical, physiological and genetic analysis of the
particular cell population. For example, the EGFP-labelled BAC
transgenic mice provide reproducible access to specific cell popu-
lations for electrophysiological studies of CNS cells and circuits, for
vital imaging, or for a variety of cell isolation and tissue culture
studies. The cerebral cortex is an important example, where the
ability to impale and/or image live cells can allow more detailed
studies on both the nature and plasticity of cortical circuits, and the
characterization of specific and functionally distinct populations of
pyramidal cells and interneurons. Although the cellular compo-
sition of the striatum is significantly less complex than that of the
cerebral cortex, experimental access to each of the striatal cell types
can significantly accelerate studies of striatal physiology, and the
pathophysiological events reproduced in mouse models for Hun-
tington’s and Parkinson’s diseases. We have chosen the cerebral
cortex and striatum as examples of the ability of BAC transgenics to
provide access to specific neurons within CNS circuits.

The cerebral cortex consists of six cell layers containing pyramidal
cell neurons (the primary circuit neurons, layers 2-6) and inter-
neurons (the local circuit neurons), as well as several glial cell types.
Analysis of the first 100 genes screened in the GENSAT project
revealed both layer- and cell-type-specific expression in the devel-
oping and adult cerebral cortex. For example, specific subsets of
layer 2-3 pyramidal neurons are labelled in semaphorin 6D
(Sema6d) BAC transgenic mice (Fig. 6a). Serma6d is a recently
identified member of the semaphorin gene family whose expression
and functions in the mouse CNS are not known. At P7, labelled cells
in layer 2-3 have completed their radial migrations from the
collapsing ventricular zone of the telencephalon, and are in the
process of forming their connections with other cortical neurons. A
novel gene, P271, is expressed predominantly in layer 2 and 5
pyramidal cells (Fig. 6b). This is a novel protein with a single
proline-rich domain that is closely related to the human KIAA1399
gene. The morphology of expressing cells is clearly evident, includ-
ing the ramifications of basal dendrites within layer 5 and the
extension of the apical dendrite and its elaboration within layer 1 of
the developing and adult cortex. Inspection of the P271 data sets
also reveals staining of axons as they pass through the striatum
en route to subcortical targets. Dopamine receptor D4 (Drd4) BAC
transgenic lines express at high levels in the prefrontal cortex
(Fig. 6¢). At high magnification, these cells are identified as layer
5 pyramidal cells. This is consistent with previous data showing
enrichment of this receptor in the prefrontal cortex, a principal
target for antipsychotic drugs®™. In contrast to the examples pre-
sented above, OtxI is expressed in most layer 5 and 6 pyramidal
cells throughout the developing and adult brain, as previously
reported®**. In this case, the very high levels of OtxI expression
in the developing and adult cerebral cortex, and the presence of
EGFP in the dendritic processes of layer 5 and 6 pyramidal cells
extending throughout the cerebral cortex, prevents effective visual-
ization of cell somata by diaminobenzidine immunohistochemistry.
To present convincing evidence of the restricted expression of Otx1
in the correct cortical layers, direct confocal imaging is used to
reveal the morphology and distribution of expressing cells in the
Otx1 BAC transgenic line (Fig. 6d, right panel). The presentation of
data from both immunohistochemical and direct confocal imaging
of the EGFP reporter gene in these lines ensures that one can
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properly assess the specificity of expression for all BAC transgenic
lines. These data identify BAC vectors and transgenic animals that
provide unprecedented tools for further analysis of the develop-
ment, function and degeneration of the mouse cerebral cortex.
The striatum, a non-layered structure, is the largest component of
the basal ganglia. Striatal projection neurons, approximately 90% of
the neuronal population, provide the output from the striatum and
receive nearly all of the input from extrinsic afferents and from
striatal interneurons. The small population of striatal interneurons
is thought to regulate afferent activity within the striatum®. The
development of this system is complex, with cells deriving princi-
pally from the LGE and MGE. In the adult, all of the psychomotor
behaviours ascribed to the striatum are linked to the dopaminergic
innervation from the substantia nigra and the ventral tegmental
area. Similarities in the morphology and neurochemistry of the cells
in the striatum have confounded studies on the development of the
neurons and their target interactions. In the BAC transgenic screen,

Figure 7 Cell-specific EGFP marker expression in the adult striatum of BAC transgenic
mice. Sagittal sections of adult mice are shown immunostained with antibodies against
EGFP (diaminobenzidine). a, In dopamine receptor Drad2 BAC transgenic mice, the
medium spiny neurons (right panel, confocal microscopy) are labelled. b, Dopamine
receptor Drd7atransgenic mice. ¢, In Chrm4 transgenic mice, the nigrostriatal pathway is
stained and medium spiny neurons are labelled (right, confocal microscopy). d, In
Chat BAC transgenic mice, cholinergic interneurons of the striatum are labelled. e, Pdyn
expression in striatal patches.
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several genes revealed the cell classes and projection patterns of the
striatum. As illustrated in Fig. 7a, medium spiny neurons projecting
to the globus pallidus are labelled in the dopamine receptor D2
(Drd2) BAC transgenic mice’®”. In dopamine receptor Dla
(Drdla) BAC mice (Fig. 7b), medium spiny neurons projecting to
the substantia nigra are labelled. Anatomical data suggest that
the Drd2 EGFP cells express enkephalin, whereas the Drdla-
positive cells express substance P****. Functional studies on acutely
isolated EGFP-labelled neurons can now clarify whether there is co-
localization of the two dopamine receptors in a subset of medium
spiny neurons. A subpopulation of medium spiny neurons project-
ing to the substantia nigra, presumably also expressing Drdla,
expresses the M4 muscarinic cholinergic receptor (Chrm4)
(Fig. 7c). These data are in agreement with electron microscopic
studies in rats showing Chrm4 localization to the somata and
dendrites of medium spiny neurons®. The distribution of the
Chrm4-expressing subpopulation across the striatum, and their
specific localization to the striatal matrix, is of particular interest.
Large, cholinergic aspiny neurons of the striatum are specifically
labelled in the Chat BAC transgenic mice (Fig. 7d). Finally, clusters
of medium spiny neurons that project to the substantia nigra are
revealed in prodynorphin (Pdyn) BAC transgenic mice (Fig. 7e).
These cells correspond to the striatal ‘patches’ that have been
documented in a number of anatomical studies of the developing
and adult striatum*’. Taken together, this set of BAC transgenic mice
reveals the principal cell types and projection pathways of the
striatal system. These mice offer new tools for the analysis of the
development of the striatum, and for a clearer understanding of
how the dopamine and cholinergic environments influence synaptic
function of specific subclasses of striatal neurons. Thus, they should
facilitate novel neurophysiological and cell degeneration studies
critical for our understanding of Parkinson’s disease as well as
neuropsychiatric disorders including Tourette’s syndrome, schizo-
phrenia and drug addiction.

Implications for biological research

We report here selected findings from an ongoing large-scale screen
of CNS gene expression in BAC transgenic mice. The screen uses
novel vectors for the preparation of BAC reporter gene constructs,
as well as methods for high-throughput transgenesis, histology and
microscopy. Moreover, a MySQL database of the full-scale TIFF
images, which can be viewed in browser format online (http://
www.gensat.org/), has been generated to allow public access to the
GENSAT data and for the design of further experiments. The
information and materials generated so far provide immediate
opportunities for further investigation. However, the full impact
of this project will not be realized until many more reporter gene
mice are analysed, and until the reagents and information from this
screen are combined with further methods for genetic manipulation
of the mammalian CNS>.

The use of BAC transgenic reporter genes to study gene
expression and provide experimental access to specific cell types
can stimulate many fields of biological research. Thus, the capabili-
ties for cell-specific genetic and physiological experimentation in
the CNS that issue from these studies can be readily extended for the
analysis of other cells, organs or tissues expressing the genes chosen
for analysis by GENSAT, or in the context of similar future efforts.
Given the general utility of this approach, there are several issues
that warrant further discussion.

First, the use of a reporter gene that can reveal the morphology of
complex cells and the systematic analysis of gene expression is
necessary to obtain detailed insights and formulate precise hypoth-
eses about gene function or development. The ability to present
these large data sets from a systematic analysis for the benefit of
other scientists is critically dependent on the use of a web-based
browser that can present the captured data at full resolution.
Although generation of large numbers of transgenic or gene-
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targeted mouse lines requires significant effort, in our experience it
is the detailed analysis of these lines and the presentation of the data
to the public that is rate limiting.

Second, the ability to visualize individual cells using the EGFP
reporter has revealed that a large number of the genes studied so far
are expressed in novel subsets of classically defined cell types. It is
apparent from these data that these subsets of cells can also share
other important features; for example, they may all project to the
same area of the CNS, or expression may mark distinct subpopu-
lations in multiple CNS structures. We believe that, in many cases,
these differences portend distinct functional properties, and antici-
pate that similar subdivisions of classical cell types will be observed
as these methods are applied to other organ systems. This will
require careful reconsideration of the meaning and definition of
specific cell types in vivo.

Third, our experience so far has highlighted the advantages and
limitations of the BAC reporter gene approach. The main advan-
tages are the relative ease of producing BAC transgenic animals, the
ability to identify lines carrying multiple copies of the BAC
transgene in the genome, and the use of transgenic techniques in
other vertebrate species. Several methods are now available for
manipulation of BACs by homologous recombination®**"*?, which
can allow the construction of complex cassettes for in vivo manipu-
lation of genes, cell types and tissues. A single day of pronuclear
injection will normally yield multiple BAC transgenic founders (see
Supplementary Information) that all transmit the transgene to
subsequent generations. For these reasons, the use of well-charac-
terized BAC vectors for in vivo manipulation can often proceed
more efficiently than conventional gene targeting. Furthermore,
anecdotal evidence from our laboratories and those of our col-
leagues points to many cases in which targeting EGFP into an
endogenous genomic locus using homologous recombination
(‘knock in’) has failed to produce sufficient reporter gene expression
to be directly visualized in tissue slices or in vivo. This is consistent
with the general observation reported here that, in many cases,
EGFP fluorescence cannot be detected unless more than five copies
of the BAC transgene are present in the genome. The ability to
produce BAC transgenic lines expressing a wide range of dosages of
the BAC transgene has many important applications for both vital
imaging and genetic analysis. Finally, gene targeting is not yet
feasible in many species that can be manipulated by pronuclear
injection (cows, rats, zebrafish and so on). The main limitations to
this approach to gene expression analysis are that it cannot be
routinely used to study very large genes (>150kb), and that it is
considerably less efficient than lower-resolution techniques such as
in situ hybridization. For this reason, the GENSAT project now
includes a pre-screen using radioactive in situ hybridization to
examine a large number of genes each year (T. Curran, unpublished
data). From this pre-screen, 250-300 genes are chosen for in-depth
analysis using BAC transgenic mice.

Fourth, the use of transgenic constructs as the basis for a gene
expression screen provides valuable insights into eukaryotic gene
regulation. Thus, the data obtained in using this approach identify
individual BACs as either sufficient or insufficient to mediate
correct gene expression in vivo (Fig. 1), and precisely identify the
cell types that can be accessed using this segment of genomic DNA.
This sort of experimental information is critical in trying to
decipher the code for transcriptional regulation. It also identifies
a starting point for dissection of transcriptional regulatory regions,
and for the construction of artificial, small promoters to target gene
expression in vivo.

Finally, the ability to specifically and reproducibly target
expression to specific CNS cell populations using well-defined
BAC vectors offers the opportunity to dramatically expand the
capability for cell-specific genetic manipulation of the mouse
genome. Thus, BAC transgenic mice expressing site-specific recom-
binases, increased levels of wild-type proteins, dominant-activating
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or negative alleles, and other proteins and RNAs of interest in
specific CNS cell types, have been or are being produced using BAC
vectors identified in the GENSAT project.

Concluding remarks

The publication of the initial results of the GENSAT BAC Transgenic
Project marks the beginning of a major effort to use genome
mapping and sequence information in a directed, large-scale
endeavour to advance mammalian neuroscience research. For the
first time, the framework for completion of a high-resolution atlas
of CNS gene expression, for the generation of a comprehensive
library of BAC vectors to access defined CNS cell types, and for the
creation of a repository of mice carrying labelled CNS cell popu-
lations has been established. Over the past 2 years, improvements in
the methodology used in this screen, and in the availability and
accuracy of the mouse genome databases, have markedly improved
the efficiency of this project. Continued improvements in reporter
gene technology, in the elements required for effective expression of
polycistronic transcripts in vivo, and in inducible recombinases for
genetic manipulation will further enhance the utility of this effort.
We view the GENSAT BAC Transgenic Project as complementary to
ongoing, large-scale directed and non-directed phenotypic screens
to test CNS gene function. It is our hope that the examples we have
discussed and the data we have released will accelerate research in all
areas of neuroscience, and that access to the BAC vectors and
transgenic lines we have produced will stimulate the fusion of
mammalian molecular genetics and functional analysis of CNS
cells and circuits. 0

Methods

BAC transgene construction

The plasmid (pLD53.SC2) used in the homologous recombination is a derivative of
pLD53 (ref. 43). pLD53 was digested with BarmHI and Sacl to get rid of the tefAR and oriT
origin and replaced by NotI-Sall-Spel adaptor. A 1.1 kb EGFP.PA was cloned into Nofl and
Sall sites, and an AscI-NotI-Swal-Smal multiple cloning site was then cloned into the NotI
site, which was knocked out thereafter. This shuttle vector (pLD53.SC2) was digested with
Ascl/Smal and purified by running on a 1% low-melting agarose gel. A 300-500 bp ‘A Box’
fragment used for the homologous recombination was amplified by polymerase chain
reaction (PCR), digested with Ascl and cloned into this shuttle vector.

BAC host cells were streaked on an agar plate supplemented with chloramphenicol
(Chlr) (20 pgml™") and incubated overnight at 37 °C. A single colony was picked,
inoculated with 5 ml of Luria broth (LB) supplemented with Chlr (20 pg ml "), and grown
to optical density (OD) 600 of 0.5. The cells were harvested by centrifugation at 3,000
r.p.m. for 10 min at 4 °C. The pellet was suspended with 5 ml of ice-cold 50 mM CaCl,,
placed on ice for 5min and harvested as above. The pellet was suspended with 300 ul of
ice-cold solution of 50 mM CaCl, and 20% glycerol. An aliquot of 5 pl of PSV1.RecA
plasmid (20 ngul™") was transformed into 100 pl of competent cells; 1 ml of SOC was
added, cells were incubated at 30 °C for 1.5 h with shaking at 225r.p.m., and selected in
5ml of LB containing tetracycline (Tet; 5pgml™") and Chlr (20 pgml™") at 30°C
overnight with shaking at 300 r.p.m. The overnight culture was diluted 1:50, inoculated
with 50 ml of LB containing Tet (5 pg ml ") and Chlr (20 pg ml ") in a 500 ml flask, and
grown to OD 600 of 0.6-0.8 at 30 °C (45 h). The cells were harvested by centrifugation in
a cold rotor at 3,000 r.p.m. for 10 min (in a Beckmann J6-MI centrifuge). The competent
cells were prepared according to published protocols*. An aliquot of 2 pl of shuttle vector
(500 ng p1~") was transformed into 40 pl of competent cells by electroporation. After the
recovery, the cells were selected in 5 ml of LB containing Tet (5 pgml™ '), ampicillin (Amp;
50 pg ml ') and Chlr (20 ng ml "), and incubated at 30°C overnight. The overnight
culture (10 pl and 100 pl) was spread onto LB plates containing Amp (50 pgml ') and
Chlr (20 pgml™"), and incubated overnight at 43 °C. Cointegrates were identified as
reported previously*.

Modified BAC DNA was prepared by double acetate precipitation and CsCl gradient
separation. The quality and concentration of the DNA were checked on pulse field gel.
DNA was diluted to 2ng ;}.171 and dialysed on a 25 mm, 0.025 p.m filter (VSWP02500,
Millipore) by floating it on 20 ml of injection buffer with the shiny side up for 3-4 h. An
aliquot of DNA was removed to another tube and mixed with the same amount of X2
polyamine (50:50) 48 h to 1 week before the injection. The BAC DNA (0.15-1 ng pl™h) was
injected into 200 pronuclei of fertilized oocytes of FVB/N mice.

Histology

Neonatal and adult animals were anaesthetized (Nembutal) and perfused with 4%
paraformaldehyde. The brain and spinal cord were removed and post-fixed (4%
paraformaldehyde, 1h). Embryos were removed from deeply anaesthetized dams by
laparoscopy and placed in ice-cold phosphate-buffered saline (PBS), and post-fixed by
immersion in 4% paraformaldehyde (12h, 4 °C). Serial sagittal sections (16 pm) were
generated with a Micron or Leica cryostat, post-fixed in methanol (1 min, 4 °C) and
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washed in PBS. Slides were either used directly for confocal imaging or immunostained
using antibodies against EGFP (gift of M. Rout, Rockefeller University), horseradish
peroxidase (using the TSA Biotin System, NEN) and ABC Vectastain (Vector Laboratories)
methods. Primary antibody was added (1:2-10,000) overnight at 4 °C. For each neonatal
and adult BAC transgenic animal, a set of 10—11 serial sections was generated and
processed as above. Adult sections were chosen to match the series presented in the
Paxinos atlas*, with sections 1-10 matching Paxinos sections 129, 126, 123, 120, 117, 114,
111, 108, 105 and 102, respectively. Transverse spinal cord sections were C4-C6, T3-T6
and L6-S1. P7 sections were matched to sections from the Valverde atlas*®, with sections
1-11 matching Valverde figures 25-35, respectively. Transverse spinal cord sections were
C4-C6, T3-T6 and L6-S1. E15.5 sections were chosen to match the Schambra atlas*® with
sections 1-10 matching Schambra figures 1-10, respectively. Transverse spinal cord
sections were C4-C6, T3-T6 and L6-S1. For E10.5 embryos, the maximum number of
sections possible was generated.

Images were acquired with a Zeiss Axiocam camera on a Zeiss Axioskop2 microscope
with a X5 and X10 (1.5 numerical aperture) objective and an automated x,y stage
(Marzhauser scan8) controlled and hosted by a PC with Zeiss KS400 software running a
macro written by us. Adult sagittal sections were approximately 200 MB. The final
resolution of the X10 images was approximately 1.33 pm per pixel. Confocal images were
acquired with a Zeiss Axioskop2 using a BioRad Radiance confocal imaging system.
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