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Genetic analyses of both vertebrates and invertebrates have been
critical to advancing our understanding of neural development.
Large-scale mutageneses in flies, worms and, more recently,
zebrafish have provided an abundance of loss-of-function muta-
tions that have greatly facilitated the study of developmentally
interesting genes.

An essential complement to loss-of-function studies are gain-
of-function analyses that examine the effects of expressing genes
of interest in atypical spatial and temporal patterns. In non-mam-
malian vertebrates, gain-of-function studies are routinely per-
formed using a variety of approaches. These include the injection
of RNA or DNA into early frog and fish embryos1–3, the infec-
tion of chick embryos with retroviral vectors4, and more recent-
ly the electroporation of chick embryos5. Gain-of-function work
in these systems has been extremely informative, although the
lack of mutants, particularly in frogs and chicks, often makes it
impossible to fortify conclusions with loss-of-function data.

In mice, gain-of-function studies are more difficult. Such
studies are typically performed using viral vectors or transgenes
to drive the expression of exogenous genes. These gene delivery
systems have limited utility, however, because viral vectors can
be cumbersome and/or inefficient, whereas transgenes are cost-
ly and require the identification of regulatory elements with spe-
cific spatial and temporal patterns. A rapid gain-of-function
expression system in the mouse, together with the many muta-
tions currently available, would provide a powerful approach for
dissecting genetic pathways in this vertebrate.

Adenoviral and retroviral vectors have been used for gain-of-
function studies in mice. Adenoviral vectors can be prepared to
extremely high titers and can infect nondividing cells, allowing
introduction of genes into postmitotic cells such as neurons6,7.
However, adenoviral vectors are not ideal for studies examining
the role of a given gene in progenitor cells, as infection of post-

mitotic cells can confound analysis. This issue limits studies of
cell-fate specification, because the infection of postmitotic cells,
which have already been specified, cannot be distinguished from
the infection of progenitors, which are not. In addition, because
adenoviral vectors do not integrate into the host genome, they
do not stably mark infected cells, complicating the correlation
of phenotype with exogenous gene expression.

In contrast, although retroviral vectors are typically much lower
titer than adenoviral vectors, retroviruses only infect mitotically
active cells and provide stable genetic markers8–10. Retroviral mark-
ing is used extensively for lineage studies in rodents because these
studies require stable infection and low titers8,9,11–13. In addition,
a handful of gain-of-function studies have been carried out in
rodents using retroviruses14–17. In general, however, the utility of
such studies is limited by low numbers of infections.

Here we describe a rapid gain-of-function gene expression
system for use in mice in utero. We used methods that permit
routine production of retroviral vectors to titers ranging from
1 × 108 to 5 × 109 cfu per ml. These vectors are ‘pseudotyped’,
containing murine leukemia virus (MLV)-based genomes and
the vesicular stomatitis virus (VSV) envelope. Furthermore, we
found that vectors including an enhancer/promoter located
downstream of the 5′ long terminal repeat (LTR) are much more
effectively expressed in the ventricular zone (VZ) of the brain
than those using the LTR to drive gene expression.

To infect developing mouse embryos with these viruses, we
used an ultrasound backscatter microscopy (UBM) system that
permits real-time visualization and injection of embryos in
utero18,19. We injected retroviral stocks into embryos as early as
E8.5, a time at which the neural plate is open in much of the
brain and spinal cord. Infection at this time permits introduc-
tion of genes along the rostrocaudal extent of the neuraxis during
early neural patterning and cell-fate specification.
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We used ultrasound image-guided injections of high-titer retroviral vectors to obtain widespread
introduction of genes into the mouse nervous system in utero as early as embryonic day 8.5 (E8.5).
The vectors used included internal promoters that substantially improved proviral gene expression in
the ventricular zone of the brain. To demonstrate the utility of this system, we extended our previous
work in vitro by infecting the telencephalon in vivo as early as E8.5 with a virus expressing Sonic
Hedgehog. Infected embryos showed gross morphological brain defects, as well as ectopic expression
of ventral telencephalic markers characteristic of either the medial or lateral ganglionic eminences.
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We used this method to extend our previous in vitro studies
investigating the role of Sonic Hedgehog (Shh) in telencephal-
ic development20. In doing so, we found that ectopic clusters of
Shh-expressing cells located laterally or dorsally in the telen-
cephalon in vivo could induce the expression of ventral mark-
ers characteristic of either the medial or lateral ganglionic
eminences (MGE and LGE).

RESULTS
Comparison of pseudotyped with ecotropic vectors
The primary limitation of retroviral vectors for gain-of-function
studies in mice has been difficulty in obtaining high-titer stocks.
Therefore, we used the CMV enhancer/promoter to drive virus
production in the packaging cells. This modification does not
affect proviral LTR structure and increases viral titer21. Consistent
with previous work, we obtained a tenfold increase in titer when
using constructs differing only in design of the 5′-LTR (Fig. 1).

To further increase viral titers, we used pseudotyped vectors
that included MLV-based core particles and the envelope glyco-
protein (G) of VSV22. Such viruses are essentially hybrids with
the internal components of the MLV-based retrovirus and the
external envelope of the VSV rhabdovirus. As a result, cell pene-
tration is mediated via the VSV envelope, but upon penetration
the retroviral RNA genome is reverse transcribed into proviral
DNA and integrated into the target cell’s genome. The primary
advantage of this type of vector is that, unlike more standard
murine vectors, which use the rodent-specific ecotropic or broad-
er-spectrum amphotropic envelopes, it can be concentrated by
ultracentrifugation without a substantial loss of infectivity22.

The broad host range of VSV is thought to be the result of the
virus utilizing a membrane phospholipid as a receptor to permit
cell penetration23. In contrast, MLV uses a transmembrane pro-
tein as a receptor and has a much more limited host range24.
Based upon the ubiquitous nature of the VSV receptor, we
believed that MLV/VSV vectors would be capable of penetrating
most cells in the developing embryo. To compare MLV/VSV vec-
tors to the more commonly used ecotropic viruses, we injected
the telencephalon of E9.5 embryos with either CLIA(G) (virus
pseudotyped with the VSV-G protein) or CLIA(E) (virus with
the ecotropic envelope) and compared the percentage of labeled
cortical neurons at postnatal day 21 (P21). Embryos were visu-
alized for injection using a previously described ultrasound-imag-
ing system18,19. The sole purpose of this system was to visualize
the embryo and guide the injection, and no mechanical effects
on the virus or embryo are expected.

Infected cells were detected by staining for the human placen-
tal alkaline phosphatase gene (PLAP) contained in the viral vector
(Fig. 1). This gene has been widely used because its membrane

localization makes it an excellent marker to reveal cell morphology.
To confirm that the morphological criteria we were using to iden-
tify neurons and glia were accurate, we used double immunoflu-
orescence to detect PLAP together with neuronal or glial markers
(Fig. 2a–l). Such staining demonstrated that the membrane local-
ization of PLAP permitted cell type identification. Subsequently we
used the histochemical substrates BCIP/NBT to determine the
identity of infected cells (Fig. 2m–r).

At P21, samples infected with ecotropic CLIA(E) had
24.0 ± 6.1% labeled cortical neurons (n = 4, 169 neurons and
542 glia scored in total), whereas samples infected with pseudo-
typed CLIA(G) had 39.3 ± 2.9% labeled cortical neurons (n = 4,
638 neurons and 977 glia scored in total; Fig. 2s). This difference
suggests that one of the viral envelopes, if not both, may recognize
heterogeneity among E9.5 neocortical progenitors. For example,
such heterogeneity might be in the form of differential expres-
sion of the ecotropic receptor. Additional studies will be needed
to explore this point. Nonetheless, the finding that pseudotyped
virus labeled a higher percentage of neurons than ecotropic virus
is fortuitous for those interested in studying neurons.

Internal promoters improve expression in the VZ
In the past, most studies with retroviral vectors in the mam-
malian brain used vectors that drive gene expression from the
MLV LTR. Although this promoter drives strong gene expres-
sion in numerous different cell types, it is silenced in cells pos-
sessing stem cell characteristics, such as embryonic carcinoma
cells, embryonic stem cells and hematopoeitic stem cells25–27. A
variety of studies suggest that neural stem cells may exist in
mammals28–30, raising the possibility that the MLV LTR might
be silenced in these as well. Furthermore, vectors using the MLV
LTR to drive gene expression seem to be silenced in neurons of
the mature striatum31.

We were concerned about the possibility of retroviral silenc-
ing because the telencephalon is a single cell layer at the stages
we infected, and many telencephalic progenitors are likely to have
stem-cell properties. Preliminary data from our in vivo lineage
studies using the LTR to drive reporter expression supported the
notion that significant silencing occurs. Based on reported expres-
sion, most clones labeled at E9.5 appeared to be single cells (M.
McCarthy, D. H. T. and G. F., unpublished data). This was sur-
prising, given the finding that, at E9.5, most precursors under-
go symmetric divisions to expand the progenitor pool32 and
would therefore be expected to give rise to many daughter cells
later in development.

To address the possibility of LTR silencing, we compared
pCLIA, which used the MLV LTR to drive gene expression, and
two additional constructs, pCLE and pCLC, which contained

Fig. 1. Schematic representations of the
retroviral constructs. pCLIA was made by
replacing the 5′-LTR of pLIA17 with that of the
pCL vector, which includes the CMV regula-
tory sequence21. Either the Xenopus EF1α or
the CMV/chicken β-actin regulatory elements
was inserted upstream of the internal ribo-
some entry sequence (IRES) to make pCLE
and pCLC. The IRES sequence permits transla-
tion of the second cistron containing the
reporter gene human placental alkaline phos-
phatase (PLAP). The titer range obtained
when making MLV/VSV stocks of each con-
struct is indicated. cs, cloning site.
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internal transcriptional regulatory sequences (Fig. 1). The Xeno-
pus elongation factor-1α enhancer/promoter (EF1α) is contained
in pCLE33, and the CMV enhancer and the promoter of the chick-
en β-actin gene (together referred to as CA) is included in
pCLC34,35. Embryos injected at E9.5, with each of these viruses
were sacrificed at E14.5, and the distribution of PLAP+ cells was
evaluated. The injection of 4 × 109 cfu per ml CLIA(G) resulted in
very widespread infection (Fig. 3a and b). However, the labeled
cells were not distributed evenly throughout the tissue and, in
particular, were severely underrepresented in the VZ (n = 17
embryos). This result suggests that CLIA is either silenced or very
weakly expressed in the VZ. In contrast, embryos injected with
4 × 108 to 2 × 109 cfu per ml CLE(G) showed widespread infection
in both the ventricular and postmitotic zones (n = 11 embryos;
Fig. 3c and d). It is noteworthy, however, that without the nested
promoter, silencing in the VZ was not absolute. CLIA(G)-infect-
ed samples typically had a limited number of PLAP+ cells in the
VZ, found as either individual cells or dense clusters (arrowheads
in Fig. 3a). In samples infected with lower titers of CLIA(G), iso-
lated clusters that spanned the distance from ventricular to pial
surfaces could be found (data not shown). Nevertheless, as shown

in Fig. 3, a typical example of high-titer infections, the majority
of telencephalic tissue infected with CLIA(G) seemed to show
silencing in the VZ.

Thus the MLV LTR did not drive high levels of expression in
all cells, and the EF1α promoter increased the proportion of
infected cells that expressed PLAP at detectable levels. Although
the lower titers obtained with CLC(G) precluded infection lev-
els obtained with CLIA(G) and CLE(G), the distribution of
labeled cells in CLC(G)-infected samples suggest that this virus
also labeled the VZ more effectively than CLIA(G). In the neo-
cortex, for example, most CLC(G)-infected clusters reached from
the ventricular to the pial surfaces (Fig. 3e–g), indicating that
this construct was expressed well in both ventricular and post-
mitotic cells.

To further compare reporter expression from these viruses,
we examined samples infected at E9.5 and killed at P21. The most
striking contrast was between CLIA and CLC. In CLIA(G)-infect-
ed samples, individual cortical neurons were usually spatially iso-
lated from one another (Fig. 4a). In CLC(G)-infected samples,
however, cortical neurons were often found in large, radial clus-
ters, consistent with the radial migratory path taken by newborn

Fig. 2. P21 phenotype of cells infected with PLAP-expressing viruses at E9.5. (a–f) P21 cells infected with CLIA(G), identified using an antibody that
recognizes PLAP. Morphologies suggestive of neurons (a, b), oligodendrocytes (c, d) and astrocytes (e, f) are evident. To confirm the identity of
these cells, they were double labeled with a neuronal marker, NeuN48 (g, h), an oligodendrocyte marker, CNPase49 (i, j) or an astrocyte marker,
GFAP50 (k, l). Yellow indicates colocalization of these markers with PLAP. Samples stained with BCIP/NBT to reveal the morphology of infected
cells (m–r), were used to score cell types. Neuronal (m, p), oligodendroglial (n, q) and astroglial (o, r) morphologies were seen. (s) Histogram
comparing the percentage of labeled neurons scored at P21 in the neocortex of samples infected with CLIA(E), CLIA(G) and CLC(G). In each case,
4 samples were sectioned on a cryostat at 30 µm, and every sixth section was scored. To roughly correct for scoring glia as large, darkly stained
objects (30–50 µm), while scoring neurons only when the cell body was evident (10–15 µm), the number of glia scored was divided by three.
Standard deviation is shown.
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cortical neurons (Fig. 4b)36,37. Another noteworthy difference
between CLIA and CLC was that, whereas labeled striatal neu-
rons were rarely found in CLIA(G)-infected samples, they were
common in CLC(G)-infected samples (Fig. 4c). At P21, CLE(G)-
infected samples resembled those infected with CLC(G), although
the labeled neurons were generally more weakly stained.

To determine whether the percentage of labeled neurons in
CLC(G)-infected brains differed from that of CLIA(G)-infected
brains, we scored neurons and glia at P21 as described above.
Whereas 39.3 ± 2.9% of the labeled cells were neurons in CLIA(G)-
infected samples (see above), 58.3 ± 9.7% were neurons in CLC(G)-
infected samples (n = 4, 1120 neurons and 717 glia scored in total;
Fig. 2s). The finding that inclusion of the CA regulatory element
increased the fraction of labeled neurons suggests that silencing of
the LTR was more prevalent in neurons. This observation is con-
sistent with the roughly four- to fivefold greater abundance of
labeled striatal neurons seen in the CLC(G)-infected samples than
in CLIA(G)-infected samples (data not shown).

Widespread infection of E8.5 embryos in utero
Although the UBM system can be used to inject E9.5
mouse embryos19, we wanted to inject even earlier. Injec-
tion at E9.5 is not optimal for gain-of-function studies
addressing early patterning events in the brain and spinal
cord. Although portions of these structures are proba-
bly still being patterned at this age, retroviral vectors do
not express their gene products until 12–24 hours after
initial infection. Therefore, injection at E9.5, which
results in expression by E10.0–E10.5, is likely to be too
late for many ectopically expressed genes to influence
patterning. Injections a day earlier, at E8.5, offer the
advantage that the brain and spinal cord are still largely
open to the amnionic fluid.

We first injected CLE(G) into E8.5 embryos to assess
survival after surgery in utero at this age, as well as the

extent of retroviral infection (Fig. 5). Of 54 embryos injected
with CLE(G), 22 survived to E12.5 (41%). Of these, nine had
exencephaly (open forebrain), although the trunk appeared mor-
phologically normal. The cause of the exencephaly is unknown,
although it seemed to be a consequence of injection into the E8.5
amnion. Infected embryos were sectioned and stained to detect
PLAP+ cells, and both the brain and spinal cord were found to be
heavily infected (Fig. 5d, e, g and h). Infection in the brain was
extensive and included forebrain, midbrain and hindbrain struc-
tures. In the spinal cord, infection was found at all dorsoventral
positions, including the floor plate. Furthermore, many infect-
ed cells were seen in the dorsal root ganglia (Fig. 5f). In addition
to neural structures, infected cells were also detected in the limbs,
gut, liver, heart and other tissues (data not shown).

Ectopic Sonic Hedgehog causes patterning defects
Our motivation for developing this method stemmed from an
interest in using in vivo gain-of-function studies to better under-
stand mammalian telencephalic patterning. Our previous in vitro
results suggest that the telencephalon undergoes temporal changes
in its response to Shh20. To extend this work, we examined the
effects of ectopically expressing shh in the developing mouse telen-
cephalon in vivo. The complete open reading frame of the human
shh cDNA was subcloned into pCLE, upstream of the IRES
sequence (see Fig. 1). Concentrated viral stocks of both CLES(G)
(Shh-expressing virus) and CLE(G) (control) were prepared and
injected into either the amnionic cavities of E8.5 embryos or the
telencephalic ventricles of E9.5 embryos using the UBM system.
Embryos were then killed at E12.5, examined for gross morpho-
logical defects and sectioned for further analysis.

Although the CLES(G) viral stocks were prepared to titers of
3–7 × 108 cfu per ml, injection of these titers generally resulted in
the death of injected embryos. This toxic effect was likely a func-
tion of Shh expression rather than other factors in the concen-
trated stock, as injection of undiluted control-virus stocks was
not as lethal. Consequently, CLES(G) was injected at titers of
5–10 × 107 cfu per ml.

Embryos infected with CLES(G) at either E8.5 or E9.5 exhib-
ited severe brain malformations (Fig. 6). In most cases, the fore-
brain and midbrain were substantially enlarged compared to
embryos injected with control virus (with CLES at E8.5, 31 of 34,
at E9.5, 37 of 42; with CLE at E8.5, 0 of 13, at E9.5, 0 of 11). In
addition, some embryos injected with CLES(G) had kinked neur-
al tubes and limb defects (data not shown). Coronal sections of
infected embryos revealed that the telencephalic ventricles were

articles

Fig. 4. Comparison of neuron distribution in samples infected with CLIA(G) and
CLC(G). (a) In CLIA(G)-infected samples, labeled neurons were usually spatially iso-
lated from one another. (b) In CLC(G)-infected samples, labeled neurons were often
found as large, dense, radial columns. Immunofluorescence staining to detect PLAP
more clearly revealed neuronal morphologies within such clusters (not shown). (c)
Striatal neurons infected with CLC.

a c

Fig. 3. Internal promoters improved vector expression within the ven-
tricular zone. In all cases, samples were injected at E9.5 and killed at
E14.5. (a, b) Samples infected with 4 × 109 cfu per ml CLIA(G).
Although the postmitotic areas were heavily labeled, the ventricular
zone (VZ) was not. However, some clusters of stained cells could be
found in the VZ (arrowheads). (c, d) Samples infected with 2 × 109 cfu
per ml CLE(G) were heavily labeled in both the VZ and postmitotic area.
(e–g) Samples infected with 1 × 108 cfu per ml CLC(G) had clusters of
labeled cells spanning from the ventricular to pial surfaces.
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greatly expanded, often into a single ventricle, with an apparent
loss of dorsal midline structures such as the hippocampus and
choroid plexus (data not shown). Furthermore, in some cases, tis-
sue thickening was associated with CLES infection sites (Fig. 6b).

In light of the well-documented role of Shh in dorsal–ventral
patterning of the nervous system38–40, we chose to examine
expression patterns of several markers of ventral telencephalic
identity in CLES(G)-infected samples. We showed previously
that Shh can ventralize dorsolateral telencephalic tissue in cul-
ture20. To extend these studies, we performed in situ hybridiza-
tion on brains infected with CLES at E9.5 using an antisense
riboprobe against dlx2, a gene expressed ventrally in both the
MGE and LGE, but not dorsally in the neocortex41. Expression
of CLES in the dorsal telencephalon induced the expression of
dlx2 (Fig. 7a–d). In contrast, samples infected similarly with CLE
control virus did not express dlx2 dorsally (data not shown).

To further characterize the ventralizing effect of Shh in the
developing telencephalon, we tested for induction of markers spe-
cific to either the MGE or LGE. Antibodies recognizing either
Nkx2.1 or cellular retinoid binding protein I (CRBP) were used
to stain E12.5 samples infected with CLES(G) at E8.5. Nkx2.1 is
expressed in the MGE but not the LGE or cortex20,42, and its
expression can be induced in vitro by Shh protein20,43. At E12.5,
CRBP is expressed in the LGE but not in the MGE or cortex, mak-
ing it a suitable early marker for LGE identity44. Double-immuno-
fluorescence staining revealed induction of both Nkx2.1 and CRBP
by Shh in dorsal and lateral telencephalic tissue in vivo (Fig. 7e–k).
Nkx2.1 expression was detected either in cells infected with CLES
or in nearby cells, suggesting that these cells adopted an MGE-
like identity. Staining for CRBP revealed that Shh could induce
an LGE-specific marker as well (Fig. 7h–k). Interestingly, although
this induction generally occurred in the CLES-infected cells, in
one case, CRBP was predominantly induced in tissue immedi-
ately adjacent to the CLES-expressing cluster (Fig. 7k).

DISCUSSION
Rapid gain-of-function studies in the mouse
Our method allows rapid gain-of-function studies in the devel-
oping mouse nervous system. Using this method, genes of inter-
est are prepared as retroviral stocks that can be introduced into

mitotically active progenitor populations in vivo as early as E8.5
and at all subsequent stages. This temporal versatility simplifies
comparisons of the effects of a given gene at various times dur-
ing development. Furthermore, variation in the site of infection
provides a wide range of spatial patterns for analysis. Similar
studies using transgenic mice would require a very large num-
ber of cis-acting regulatory elements. In light of the limited avail-
ability of such elements, this requirement is prohibitive.

We chose MLV/VSV pseudotyped retroviral vectors because
they could be concentrated to very high titers. The ability to infect
large numbers of cells was essential for the success of this gain-
of-function approach. Although retroviruses have long been avail-
able for gain-of-function studies, the low titers typically attained
greatly limited the utility of this approach. In addition, previous-
ly used vectors, which generally relied on the LTR to drive gene
expression, may have been significantly impaired by silencing.

The silencing we observed came to our attention primarily
because we used tools that have only recently become available.
First, the ability to perform lineage studies from E9.5 in the
mouse, made possible using UBM-guided injections, raised
concerns about the very small clone sizes observed from this
early developmental stage (M. McCarthy, D.H.T. and G.F.,
unpublished data). Second, preparation of CLIA(G) to 4 × 109

cfu per ml using the VSV envelope permitted such a high level
of infection that the dramatic underrepresentation of vector
expression in the telencephalic ventricular zone became obvi-

articles

Fig. 5. Injection of retroviral stocks at E8.5 resulted in widespread
infection. (a–c) UBM images depicting injection into the amnionic sac of
an E8.5 embryo. Scale bar, 1 mm. (a) The head folds are evident (arrow-
head), as is the amnionic membrane (arrow). The needle tip is repre-
sented by a bright spot on the screen (n). (b) The needle has penetrated
the uterus and amnionic sac. (c) During injection, the viral stock could
be seen filling the amnionic cavity (arrowhead). Infected cells were found
throughout the brain (d) and spinal cord (e, g, h) of E12.5 embryos. In
addition, many dorsal root ganglia contained labeled cells (f).

Fig. 6. Morphological defects in embryos infected with a Shh-expressing
virus (CLES). (a) CLE(G)- and CLES(G)-infected samples (right and left,
respectively). Both were injected at E8.5 and killed at E12.5. The CLES(G)-
infected embryo had a grossly enlarged head. (b) A cluster of CLES-
expressing cells in the dorsal diencephalon caused thickening of the
adjacent tissue, but this effect was not seen in control CLE samples (c).
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Fig. 7. Dorsolateral Shh expression resulted in ectopic
expression of ventral markers. (a–d) CLES induces dorsal
expression of dlx2. (a, c) Histochemical staining for PLAP
revealed the location of CLES infected cells (arrows). (b, d) In
situ hybridization in adjacent sections reveals that dlx2 is
expressed at the sites of ectopic Shh. The normal ventral
expression of dlx2 was also evident (arrowheads). (e–g)
Double immunofluorescence labeling to detect PLAP (red)
and the MGE-specific marker Nkx2.1 (green) demonstrates
that Shh expressed laterally (e, f) or dorsally (g) can induce
Nkx2.1. (h–k) Staining for PLAP (h) demonstrated induction
of the LGE-specific marker CRBP (i) by expression of Shh. See
(j) for overlay. (k) Ectopic Shh expression dorsally (repre-
sented by PLAP, red) also induced CRBP in adjacent cells.

mouse forebrain exists, it is difficult to be certain of the normal
fate of tissues placed in culture at different ages. Experiments con-
ducted in vivo, however, retain embryonic context, and pre-
sumptive structures may be infected without detailed knowledge
of what portions of the embryo will give rise to those structures.

As a first step toward analyzing the effect of Shh during telen-
cephalic development in vivo, we infected embryos at E8.5 and
E9.5 and assayed the expression of ventral markers at ectopic
locations at E12.5. We found that Shh expressed in dorsal or lat-
eral regions of the telencephalon can induce dlx2, Nkx2.1 and
CRBP expression. As Nkx2.1 and CRBP are markers specific to
the MGE and LGE, respectively, this result suggests that both
structures can be induced by injection at E8.5. Further studies
of this type, at both E8.5 and later ages, will allow us to exam-
ine in vivo the temporal change in responsiveness to Shh we have
observed in vitro20.

The spatial variability of retroviral infection will allow us to
consider how different areas of the dorsal telencephalon respond
to Shh. In some cases, for example, ectopic markers were not
induced by Shh. Although there are several possible explanations
for this result, one is that only certain regions are competent to
respond to Shh at the time of infection. By combining the tem-
poral versatility of this system with the random spatial locations
of infection events, it should be possible to generate a spatio-tem-
poral ‘map’ of the response of telencephalic tissue to Shh.

In the spinal cord, although we were able to locate many clus-
ters of CLES-containing cells dorsally, we were unable to detect
ectopic expression of the floor plate marker HNF3β (unpublished
data). This lack of induction in the spinal cord may be because
injection at E8.5 is too late, especially because the retrovirus is
not likely to express much before E9.0–E9.5. This explanation is
consistent with the finding that a transgene containing Shh dri-
ven dorsally by the Wnt-1 promoter does not induce HNF3β in
the dorsal spinal cord38. We are currently looking for induction of
other ventral markers such as Islet-1, and are exploring the pos-
sibility of injecting as early as E7.5–E8.0 in an effort to induce
floor-plate markers in dorsal spinal cord. Nonetheless, this gain-
of-function method presently can be used to examine the role of
genes acting later in spinal cord development.

ous. Currently, we do not know how quickly this
silencing occurs, or whether a silenced proviral inser-
tion can subsequently resume expression.

We have demonstrated that vector expression in the
ventricular zone of the telencephalon was substantial-
ly improved by using internal promoters. This suggests
that the silencing is not an insurmountable property
of most proviral insertions in this context, but rather is
a function of the LTR as a regulatory element. The
higher percentage of neurons labeled by CLC than by CLIA sug-
gests that silencing was more prevalent among neuronal prog-
enitors. However, we cannot rule out the possibility that
unbiased silencing occurred in progenitors, and additional neu-
ronal silencing occurred later in development. Although the
EF1α and CA regulatory elements seem to overcome the provi-
ral silencing, we cannot be sure that these elements were
expressed with 100% reliability in all progenitors and subse-
quent cell types.

The vectors we describe here, in combination with ultrasound
imaging, represent a significant advance over methods used in the
past. Injection of E8.5 embryos resulted in widespread infection
along the entire neural axis. Such infection events provide a means
to introduce genes of interest into both the brain and spinal cord.
Furthermore, the heavy infection observed in dorsal root ganglia
suggests that this approach might be used to genetically modify
the developing murine neural crest. In addition to infection of
the nervous system, we saw infection in the skin, limbs, liver, heart
and gut, suggesting that the method may have applications beyond
the nervous system. As such, this system might also provide a test-
ing ground for gene therapeutic approaches.

Ectopic expression of Shh in utero
Our interest in early patterning of the telencephalon led us to use
the method presented here to examine the effects of ectopic Shh
in this region. Shh has a central role in the dorsoventral pattern-
ing of the telencephalon, as is demonstrated by the finding that
embryos lacking Shh do not develop ventral telencephalic struc-
tures45. Previous work from our lab and others has shown that
explanted telencephalic tissue can be induced to express ventral
markers, such as Nkx2.1 and Dlx-2, upon exposure to exogenous
Shh protein20,43. These results are consistent with the loss-of-func-
tion phenotype, and the ability of Shh to ventralize more caudal
neural tissue38,40.

Although explants provide a powerful approach, they are lim-
ited by a short life span in culture, loss of cues from surrounding
tissue and the tendency of tissue to become disorganized in vitro.
Furthermore, because the brain undergoes major morphological
changes between E8.5 and E10.5, and no clear fate map of the
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Future directions
The method presented here promises to be a powerful tool in the
study of mammalian development, as it allows introduction of
genes into numerous tissues at a wide variety of ages, without
the need to identify suitable cis-acting regulatory elements.
Because this method creates large clusters as well as isolated
infected cells, it is well suited for studies addressing pattern for-
mation, cell-fate specification, cellular differentiation and, ulti-
mately, neuronal and glial function in the adult. Furthermore, it
allows determination of whether candidate genes act cell-
autonomously or nonautonomously.

Combination of this approach with mutant mouse strains
may be particularly valuable. Such efforts would permit identifi-
cation of those genes that are necessary for observed ectopic
effects. For example, it will be interesting to see which, if any, of
the gli genes—downstream effectors of Shh signaling46—are
required for Shh to induce dlx2, Nkx2.1 and CRBP in the dorsal
telencephalon. In general, such gain-of-function studies in
mutant backgrounds will greatly facilitate the genetic dissection
of pathways governing neural development in mammals.

METHODS
Virus preparation. Because MLV/VSV viruses are pantropic and can infect
human cells, all work with these viruses requires Biohazard Safety Level 2
containment practices. The production of MLV/VSV pseudotyped retro-
viral vectors has been described previously22. In short, the retroviral con-
struct of choice was cotransfected into a 293-derived packaging cell line
(293GP cells, Chiron, San Diego, California), along with pHCMV-G,
which expresses the VSV-G protein. Cells were transfected at roughly 90%
confluence using calcium phosphate precipitation in either 175-cm2 flasks
or 15-cm dishes. Each plate was transfected with 35 µg of pHCMV-G and
30 µg of the retroviral construct. Virus-containing supernatant was har-
vested and frozen at –80°C roughly 36, 48 and 60 hours after the start of
transfection. Concentrated stocks were prepared by pooling the harvests,
filtering them through a 0.45-µm filter, and pelleting for 1.5 hours in an
SW28 rotor at 25,000 rpm at 4°C. Pellets were resuspended in 40 µl of
PBS at 4°C for 4–12 h, and aliquots of virus were stored at –80°C. CLIA(E)
was made in the same manner, although pHCMV-G was replaced with a
construct expressing the ecotropic envelope.

Animals and surgery. All animals used in these studies were maintained
according to protocols approved by the Institutional Animal Care and
Use Committee at NYU School of Medicine. Timed-pregnant Swiss Web-
ster mice used for injections were obtained from the Skirball Institute
transgenic facility. The day on which the sperm plug was identified is
referred to as E0.5. Animal care, preparation for surgery and the use of the
ultrasound scanner (UBM scanner) have been described in detail else-
where19. Viral stocks were diluted as desired with PBS, and Polybrene
(Sigma) was added to a final concentration of 80 µg per ml. Approxi-
mately 1.0–1.5 µl of virus was injected into the telencephalic ventricle of
E9.5 embryos or the amnionic cavity of E8.5 embryos. As exencephaly
appears to be a byproduct of injection into the amnionic cavity at E8.5
(see Results), exencephalic embryos were not analyzed.

Sample preparation and analysis. Animals were killed by sodium pento-
barbital overdose. Embryos were fixed by immersion in 4% paraformalde-
hyde (PFA) for 1–2 hours at 4°C, and P21 animals were transcardially
perfused with 4% PFA and postfixed for 2–4 hours at 4°C. All samples were
then sunk in 30% sucrose in PBS and embedded in HistoPrep (Fisher Sci-
entific) on dry ice. Frozen sections were cut in a cryostat at 16–40 µm onto
Colorfrost Plus slides (Fisher), were allowed to air dry and were stored at
–20°C. Histochemical detection of PLAP was performed as follows: sec-
tions were first washed 3 × 5 min in PBS at room temperature, and then
for 30 min in PBS preheated to 65°C. Following 5 min in PBS at room tem-
perature, sections were placed in PLAP staining buffer (100 mM Tris-HCl,
pH 9.5, 100 mM NaCl, 50 mM MgCl2) for 5 min. Finally, 300 µl of staining
solution (PLAP staining buffer containing nitroblue tetrazolium (NBT; 1

mg per ml) and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP; 0.2 mg per
ml)) were added to each slide and covered with a parafilm coverslip. Sec-
tions were stained for 36–40 hours at room temperature in the dark and
were then washed with PBS for several hours. In situ hybridization to detect
dlx2 transcripts was done as described elsewhere47.

Immunohistochemistry. The following antibodies were used for immuno-
fluorescence: mouse anti-NeuN (1:100, Chemicon, Temecula, Califor-
nia), mouse anti-CNPase (1:150, Sternberger Monoclonals, Lutherville,
Maryland), rabbit anti-GFAP (1:200, Accurate Chemical, Westbury, New
York), sheep anti-PLAP (1:200, American Research Products, Belmont,
Massachusetts), rabbit anti-PLAP (1:200, Accurate), rabbit anti-Nkx2.1
(1:300, Biopat Immunotechnologies, Caserta, Italy) and rabbit anti-CRBP
(1:400, gift of U. Eriksson, Stockholm, Sweden). The following secondary
antibodies were used: Cy3-conjugated donkey anti-sheep, FITC-conju-
gated donkey anti-rabbit, Cy3-conjugated goat anti-rabbit (all from Jack-
son ImmunoResearch, West Grove, Pennsylvania) and FITC-conjugated
goat anti-mouse (Roche Molecular Biochemicals, Indianapolis, Indiana).
Sections were washed in PBS, blocked for 1 h with PBS containing 10%
donkey serum and 0.2% Triton X-100. Sections were incubated in pri-
mary antibodies diluted in block (with 1% or 10% serum) overnight at
4°C, then washed 3 times in PBS and incubated with secondary antibod-
ies diluted in PBS containing 1% donkey serum and 0.2% Triton X-100 for
1–2 h at room temperature in the dark. Fluorescent images were obtained
using either a cooled-CCD camera (Princeton Instruments) and Meta-
morph software (Universal Imaging, West Chester, Pennsylvania) or a
confocal microscope (Leica).
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