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To visualize the movements of cells and their pro-
cesses in developing vertebrates, we constructed repli-
cation-incompetent retroviral vectors encoding green
fluorescent protein (GFP) that can be detected as a
single integrated copy per cell. To optimize GFP expres-
sion, the CMV enhancer and avian B-actin promoter
were incorporated within a retrovirus construct to
drive transcription of redshifted (F64L, S65T) and
codon-modified GFP (EGFP), EGFP tagged with GAP-43
sequences targeting the GFP to the cell membrane, or
EGFP with additional mutations that increase its abil-
ity to fold properly at 37°C (S147P or V163A, S175G). We
have used these viruses to efficiently mark and follow
the developmental progression of a large population of
cells in rat neocortex and whole avian embryos. In the
chick embryo, the migration and development of GFP-
marked neural crest cells were monitored using time-
lapse videomicroscopy. In the neocortex, GFP clearly
delineates the morphology of a variety of neuronal and
glial phenotypes. Cells expressing GFP display normal
dendritic morphologies, and infected cells persist into
adulthood. Cortical neurons appear to form normal
local axonal and long-distance projections, suggesting
that the presence of cytoplasmic or GAP-43-tagged
GFP does not significantly interfere with normal
development. o1999 Academic Press

Key Words: GFP; retrovirus; vesicular stomatitis vi-
rus G protein; neural development; imaging; cerebral
cortex; cell lineage.

INTRODUCTION

Studies of nervous system development would ben-
efit from the ability to easily observe the morphology or
movement of individual cells. In recent years, the use of
green fluorescent protein (GFP) from the jellyfish Aequo-
rea has revolutionized our ability to visualize biological
events. Because the fluorescent chromophore in GFP is
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encoded by the primary structure of the protein (re-
viewed in 37, 43), the addition of substrates is not
required for the detection of GFP, and the expression of
GFP in cells of interest allows the direct and continuous
imaging of live cells by epifluorescence. In contrast with
common methods of fluorescently labeling cells (e.g.,
lipophilic carbocyanine vital dyes such as Dil), GFP
protein remains in a cell and its progeny as long as the
vector remains present and appropriate transcriptional
elements drive GFP expression. Thus GFP is not sub-
ject to decreased fluorescence as are chemical dyes due
to internalization, cell division, or cell growth. As a
protein of 238 amino acid residues, GFP also has the
advantage of not being transferred fortuitously from
cell to cell, a property critical for the unequivocal
tracing of cell lineages. Finally, GFP appears to be less
phototoxic than fluorescent vital dyes, possibly because
the configuration of the GFP molecule results in the
generation of fewer free radical molecules upon photo-
excitation (48).

For the purpose of imaging developing cells in intact
tissues or cell-dense culture conditions, it would be
ideal to express GFP in a large subset of cells and not in
every cell. Many viral vectors based on herpes-, adeno-,
and retrovirus backbones have been used to introduce
reporter genes into cells in intact animals or cultured
cells. However, unlike other viral systems that preferen-
tially infect quiescent cells (40), the Moloney murine
leukemia virus (MoMuLV)-based retroviral vectors se-
lectively infect and permanently integrate into the
genome of dividing cells, making possible the visualiza-
tion of neuronal development from early progenitor cell
stages (6, 7, 31, 40). Stable integration of the retrovirus
vector into the host DNA results in the expression of
reporter genes in the infected cell and all of its progeny,
so long as the transcriptional elements driving expres-
sion remain active.

Retroviral vectors derived from MoMuLV and Rous
sarcoma virus that encode traceable reporter genes
such as p-galactosidase and human alkaline phospha-
tase have been used extensively to examine lineage
relationships or the effects of exogenous gene expres-
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sion in mammalian and avian cells (6, 7, 22, 45, 46).
Unlike the detection of catalyzed product with enzy-
matic reporter genes such as alkaline phosphatase or
detection of protein using antibodies, the signal from
each GFP molecule is not amplified. In addition, be-
cause retroviral vectors integrate only as single copies
into the host genome, construction of an effective GFP
retrovirus requires an enhancement in the level of
expression of GFP, an enhanced ability to detect GFP
fluorescence, or both. Although previous investigators
have demonstrated that the expression of high levels of
GFP in neurons can enable both the detection of these
cells and a description of their morphological properties
in tissue slices (30), these methods introduced multiple
copies of the reporter GFP transgene.

Here we describe the assembly of a GFP-encoding
replication-incompetent retrovirus that efficiently in-
fects and expresses persistently in a wide range of cell
types. We use this virus to infect progenitor cells of the
developing rat cerebral cortex and avian embryos, to
test whether the GFP can be used to image the develop-
ment of cells in these disparate systems. The GFP
marker expresses well in many different cell types in
both species and continues to be expressed in mature
neurons and glia in adult animals. In addition to
employing cis-acting elements that should increase the
transcription level of the GFP reporter, mutated or
modified GFPs with improved fluorescence or altered
cellular localization were developed to increase the
sensitivity of detection and more effectively observe the
fine cellular structures.

To overcome the problems of low viral titers, retrovi-
ral vectors were assembled and “pseudotyped” with the
G envelope protein of vesicular stomatitis virus (VSV-
G). Pseudotyping alters the host range of a virus by
exchanging the surface antigens among both DNA and
RNA viruses (49). The resulting VSV-G-pseudotyped
retroviruses possess a broad host range and can be
concentrated 1000-fold with minimal loss of biological
activity (5, 11). We have investigated the ability of these
viruses to introduce the GFP reporter vectors into a
large population of cells in the developing cortex or
chick neural crest and demonstrate the possibility of
real-time imaging of retrovirally infected cells. The
general utility of this approach is evidenced by the
development of GFP-encoding retrovirus vectors de-
signed for gene therapy (e.g., 13, 42).

MATERIALS AND METHODS

Generation of Mutated EGFP

EGFP (Clontech Laboratories, Palo Alto, CA) with
S147P (mutlEGFP) or V163A and S175G (mut4EGFP)
mutations were generated by oligonucleotide-directed
PCR mutagenesis using Pfu DNA polymerase (Strata-
gene, La Jolla, CA) and pEGFP-1 (Clontech Laborato-
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ries, Palo Alto, CA) as template. To generate mutlEGFP,
oligol and oligo3 were used as primers to synthesize
the 5’ end of the mutant (5'mutl; see below for oligo
nucleotide sequences), and oligo4 and oligo2 were used
as primers to synthesize the 3’ end (3'mutl). The
complete mutlEGFP was generated using oligol and
oligo2 in a PCR with 5'mutl and 3'mutl as templates.
To generate mut4EGFP, oligol and oligo5 were used as
primers to generate the 5’ end of the mutant (5'mut4),
and oligo6 and oligo2 were used as primers to generate
the 3’ end (3'mut4). The complete mut4EGFP was
generated using oligol and oligo4 in a PCR with 5'mut4
and 3'mut4 as templates.

PCR-generated mutlEGFP and mut4EGFP were di-
gested with BamHI and Notl and ligated into compat-
ible sites in pBluescript 11 SK(*) (Stratagene) to gener-
ate pPBSmutlEGFP and pBSmut4EGFP, which were
sequenced to confirm incorporation of the mutations.
All PCRs were performed for 10 cycles. Primers were
oligol, 5’-ccgggatccaccggtcge-3'; oligo2, 5’'-gatctagagtc-
gcggeege-3'; oligo3, 5'-gttgtgggggttgtagttgtacte-3'; oligo4,
5’-caacccccacaacgtctatatc-3’; oligo5, 5'-gttgtggcggatctt-
gaagttcgcecttgatg-3'; and oligo6, 5'-atccgccacaacatcgag-
gaccggcggegtg-3'.

Generation of Membrane-Targeted EGFP

Oligonucleotide primers (oligo7 and oligo8; see below
for sequences) homologous to the amino-terminus pal-
mitoylation site of GAP-43 (neuromodulin) were used
to generate the “gap-tag” with a PCR amplification
using Vent DNA polymerase (New England Biolabs,
Beverly, MA). The amplified gap-tag product was di-
gested with BamHI and EcoRYV, ligated into compatible
sites of pBluescript 11 SK(*) to generate pBS-GAP, and
sequenced. To generate gapEGFP, pEGFP-1 was di-
gested with Ncol, the end nucleotides were filled in
using the large fragment of DNA polymerase I, and the
plasmid was digested again with Notl to generate a
724-bp Ncol-Notl fragment encoding EGFP. This Ncol—
Notl fragment was ligated together with the 75-bp
BamHI-EcoRYV fragment from pBS-GAP into the Bam-
HI-Notl site of the 5.1-kb pCA-EGFP backbone (see
below) to generate pCA-gapEGFP. The junction of the
gap-tag with EGFP was sequenced to confirm the
in-frame fusion of the gap-tag to EGFP. The synthesis
of intact protein was also confirmed by transient trans-
fection into NIH 3T3 cells using standard calcium
phosphate transfection methods (3). Primers were
oligo7, 5'-accggatccaccggtcgecaccatgcetgtgctgtatgagaag-
aaccaaacaggttgaaaag-3’, and oligo8, 5'-caatgatatcttttg-
gtcctcatcattcttttcaacctgtttggttct-3'.

Generation of LZRS-CA-EGFP Constructs

The cytomegalovirus enhancer and B-actin promoter
(CA) were isolated from pCA-G-GFP (gift from Dr. J.
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Mizuuchi, Osaka University, Japan (33)) as a 1.7-kb Pstl-
SnaBl fragment and ligated into the Pstl-Kpnl site of
pEGFP-1 to generate pCA-EGFP. The 740-bp BamHI-
Notl GFP-encoding fragments from pBSmutlEGFP
and pBSmut4EGFP were ligated into the BamHI-Notl
site of pCA-EGFP to replace EGFP, generating pCA-
mutlEGFP and pCA-mut4EGFP. To generate retrovi-
ral constructs with both the retroviral and the CA
promoter elements, the approximately 2.7-kb EcoRI-
Notl fragments from pCA-EGFP, pCA-gapEGFP, pCA-
mutlEGFP, and pCA-mut4EGFP containing the CA
transcriptional elements and GFP were ligated using
EcoRlI linkers into the EcoRlI site of the 11.2-kb LZRS
retroviral vector backbone (gift from Dr. G. Nolan,
Stanford University (20)) to generate LZRS-CA-EGFP,
LZRS-CA-gapEGFP, LZRS-CA-mutlEGFP, and LZRS-
CA-Mmut4dEGFP.

Generation of Retroviral Particles

Amphotropic, replication-incompetent retrovirus par-
ticles of LZRS-CA-based viruses were generated using
the Phoenix helper cell line derived from a 293T human
embryonic kidney transformed cell line (gift from Dr. G.
Nolan, Stanford University). Briefly, retroviral con-
structs were introduced into Phoenix cells using stan-
dard calcium phosphate transfection protocols (3). Cells
were selected for puromycin resistance. After 1 week in
culture, cells were placed at 32°C, and conditioned
medium was collected after 12 h and used directly to
infect cells.

VSV-G-pseudotyped replication-incompetent retrovi-
ral particles were generated using the 293T-based
helper cell line 293GPG (gift from Dr. R. Mulligan,
Harvard University (36)). LZRS retroviral vectors were
transfected into the 293GPG packaging cell line, and
the pseudotyped retroviruses were collected and concen-
trated according to published protocols (5). Viral titers
greater than 1 X 10° infectious virions/ml were ob-
tained consistently.

Infection and Analysis of Cultured Cells

The dorsal cerebral cortex was dissected from E14
ratembryos (EO = plug date). Cells were dissociated by
trituration and plated at a density of 5 X 105 to 3 X 10°
cells per milliliter onto polylysine-coated eight-cham-
ber microscope slides (Nunc, Inc., Naperville, IL) in
serum-free Neurobasal medium (Gibco BRL, Grand
Island, NY). After 24 h in culture at 37°C and 5% CO,,
cells were exposed to approximately 1 X 10 infectious
particles of virus and cultured for an additional 48 h.
Cells were then fixed in 2% paraformaldehyde and
visualized using an epifluorescence microscope (Nikon
Optiphot, Japan) with a cooled CCD camera (Princeton
Instruments, Trenton, NJ). To compare the levels of
fluorescent signal between different cells, images were
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acquired using identical settings and analyzed using
the OpenLab Measurement program (Improvision, UK).

Further quantitation was obtained using Abelson
murine leukemia virus (AMuLV)-transformed lympho-
cytes (300-18 (1)) which were cultured at 37°C in 5%
CO, in DMEM, 10% FCS (Gibco BRL). Cells (1 X 10°)
were infected with 5 X 10% infectious particles of
amphotropic LZRS-CA-mut4EGFP. Cells expressing
GFP were enriched manually 3 days after infection,
and the pool of infected cells was analyzed by flow
cytometry (Coulter EPICS753; Beckman Coulter, Ful-
lerton, CA) after 1 week. Cells were excited at 488 nm,
fluorescence emission was measured at 525 nm, and
data analysis was performed using Elite software (Beck-
man Coulter).

Infection and Analysis of Developing Brain Cells

Pregnant Long—Evans rats (Simonsen, Gilroy, CA)
were anesthetized with 60 mg/kg ketamine and 12
mg/kg xylazine, and intrauterine injections of the virus
were performed under sterile conditions according to
published protocols (7). Concentrated VSV-G pseudo-
typed retroviruses with a titer of approximately 1 X 108
infectious particles per milliliter were diluted approxi-
mately 1:3 into PBS containing 0.01% trypan blue and
injected into the lateral ventricles of E16 embryos in
utero using a Hamilton syringe. Animals were sacri-
ficed at either E17 or P6 to P32. Images of layers 2/3
and 5 (Figs. 5B and 5C) were acquired at P7, because
the abundance of fluorescent processes makes it diffi-
cult to identify individual axonal branches from each
cell in the adult animal. Embryonic brains were fixed in
2% paraformaldehyde/0.1 M phosphate buffer and la-
beled cells were imaged in 50-um sections. Postnatal
embryos were analyzed either immediately after section-
ing as living, 200-um cortical slices or after fixation and
subsequent sectioning of the brain into 50-um slices.
Cells were visualized using an epifluorescence micro-
scope (Nikon Optiphot) equipped with a cooled CCD
camera (Princeton Instruments) or laser confocal mi-
croscopy (Bio-Rad MRC600; Hercules, CA).

Retrograde Labeling of Brain Cells

Using a stereotaxic device, 0.1 pl of 2% Fast blue
(Sigma, St. Louis, MO) was injected 0.6 mm from the
pial surface into the superficial layers of P28 rat
cerebral cortex previously infected with gapEGFP-
expressing retrovirus. The rat was sacrificed after 4
days and the brain was fixed with 2% paraformalde-
hyde, sectioned into 50-um slices, and visualized with a
Nikon epifluorescence microscope. Data acquisition
and analysis were performed using a cooled CCD
camera (Princeton Instruments) and OpenLab image
processing program (Improvision).
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Infection and Analysis of Avian Embryos

Retrovirus was injected into the developing hind-
brain region of chick embryos (White Leghorn; AA
Laboratories, Westminster, CA) at the eight-somite
stage in ovo under a dissecting microscope by pressure
injection (Picospritzer; General Valve Corp., Fairfield,
NJ). The injected eggs were then sealed and placed in a
rocking incubator at 37°C for a minimum of 26 h. The
infected embryos were then either placed in Neuro-
basal medium (Gibco BRL) with B27 supplement (Gibco
BRL) and 0.5 mM L-glutamine or moved in ovo to an
incubation chamber fitted on the microscope stage
(Zeiss Axiovertl0, Germany). Images of live embryos
were acquired by time-lapse videomicroscopy (Bio-Rad
MRC600).

Ballistic Introduction of GFP into Ferret Brain Slices

Ferret brains were removed at P14 (at stages of
development equivalent to P3 in rat), sectioned into
300-pm sections, and cultured in a modified serum-free
Neurobasal medium (Gibco BRL) and B27 supplement
(Gibco BRL) at 37°C in 5% CO, on Transwell tissue
culture inserts (Corning Costar, Cambridge, MA) for 24
h. Gold particles (0.6 um) (Bio-Rad) were coated with
pCA-gapEGFP and subsequently introduced into the
slices using an air-pressure gun following published
protocols (2, 27). Slices were incubated for an addi-
tional 24 h and then fixed in 2% paraformaldehyde.

RESULTS

Construction of the Retrovirus Backbone

The MoMuLV-based retroviral vector LZRS was used
as the backbone from which to construct the vectors
described here (20). We introduced additional transcrip-
tional elements into the LZRS vector to augment the
level of reporter gene expression, as the retrovirus
long-terminal repeat (LTR) transcriptional element
appeared to be less effective in some cells (e.g., pyrami-
dal neurons) than in others (e.g., glia) (Weimann and
McConnell, unpublished observations). This is consis-
tent with observations by others of the variability in
virus LTR activity in different cell types (32, 44).

The promoter/enhancer combination selected for use
with the LZRS vector was the human cytomegalovirus
enhancer coupled to the chicken B-actin promoter, a
combination that is active in a number of different cell
types (29, 33). The CA enhancer/promoter elements
were inserted transcriptionally downstream of the 5’
LTR transcriptional elements in the LZRS retrovirus
vector to generate the virus construct LZRS-CA. Se-
quences encoding a form of GFP (see below) were
inserted transcriptionally downstream of both the Mo-
MuLV and the CA transcriptional elements in the 5’ to
3’ orientation (Fig. 1). While we were initially con-
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cerned about the potential negative effects of an addi-
tional element on transcription from the retroviral LTR
(which would affect the viral titer), titers obtained
using LZRS-CA-GFP constructs harboring both the
viral LTR and the CA transcriptional elements in
ecotropic and amphotropic producer cell lines did not
differ significantly from titers of the LZRS-GFP vectors
containing only the LTR. We consistently obtained
titers of approximately 10°% to 10° infectious particles
per milliliter of supernatant from helper cell lines
transiently transfected with each of the LZRS-based
vectors.

Construction of Altered GFPs

Using GFP-encoding viral vectors available at the
time we initiated these studies, it was difficult to see
the GFP-expressing cells using standard epifluores-
cence or confocal microscopy (data not shown). We
therefore attempted to optimize GFP fluorescence at
the protein level, not only to facilitate visualization of
infected cells, but also to minimize exposure of live cells
to toxic ultraviolet or laser light sources and reduce
photobleaching of samples. To improve the level of
obtainable fluorescence from each GFP molecule, we
incorporated codon changes reported to result in en-
hanced stability and brightness at 37°C (S147P or
V163A/S175G (19, 41)) into GFP. We worked with a
version of GFP (EGFP; Clontech Laboratories (10)) in
which codon usage has been optimized for expression in
mammalian cells. In addition, EGFP incorporates mu-
tations resulting in its redshifting, making it more
suitable for visualization using confocal microscopy or
epifluorescence using standard fluorescein isothiocya-
nate filters (FITC) (10).

Codon changes were introduced into EGFP by oligo-
nucleotide-primed mutagenesis (3), and the resultant
constructs were called mutlEGFP (S147P) or
mMut4EGFP (V163A/S175G) (Fig. 1). To generate the
S147P mutation, nucleotides “agc” encoding serine at
residue 147 were changed to “ccc”; to generate the
V163A/175G mutations, nucleotides “gtg” encoding va-
line at residue 163 were changed to “gcg” and nucleo-
tides “agc” encoding serine at residue 175 were changed
to “ggc.” As discussed below, the introduction of codon
changes S147P or V163A/S175G further enhance the
brightness of EGFP.

LZRS-CA-mutEGFP Are Brighter
than LZRS-CA-EGFP

Previous studies showed that the S147P and V163A/
S175G mutations confer increased fluorescence of wild-
type GFP (wt GFP) in Escherichia coli bacteria grown
at 37°C, presumably due to an enhancement of protein
folding at this higher temperature relative to wt GFP
(19, 41). To assess the relative fluorescence of the
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FIG. 1. Schematic of retroviral constructs. The LZRS-CA-EGFP, LZRS-CA-mutlEGFP, LZRS-CA-mut4EGFP, and LZRS-CA-gapEGFP
plasmids are schematized here. The mutations noted are with respect to wt GFP amino acid sequences. The backbone of the LZRS vector is
represented as a straight line; the LTR transcriptional elements are depicted as black rectangles; the CMV/B-actin enhancer/promoter is
depicted as a half-hatched oval; the GFP inserts are shown as striped rectangles. The putative origins of transcription from the two promoter

elements are denoted with arrows.

mutEGFPs compared with EGFP, each of the mutEG-
FPs was inserted in a LZRS-CA vector to generate
LZRS-CA-mutlEGFP and LZRS-CA-mut4EGFP (Fig.
1), which were compared to a control vector, LZRS-
CA-EGFP. The plasmid constructs were transfected
into amphotropic packaging cell lines and the superna-
tant was applied to freshly isolated rat cortex progeni-
tor cells from E14, which consist primarily of dividing
cells.

E14 cortical progenitors were infected with retrovi-
rus expressing EGFP or mutEGFPs 12 h after plating
at an initial density of 5 X 105 cells/ml, with a low
(approximately 5 X 10 infectious particles) titer of the
harvested virus to ensure that cells would not fortu-
itously become superinfected. Cells were imaged using
a cooled CCD camera 48 h postinfection (Figs. 2A-2C).
The fluorescence of cells infected with each LZRS-CA-
MmutEGFP was measured digitally and compared to
that of LZRS-CA-EGFP (Table 1). Cells infected with
mut4EGFP (V163A/S175G) were approximately four-
fold brighter than cells infected with LZRS-CA-EGFP,
while cells infected with mutlEGFP (a and b; S147P)
were approximately threefold brighter than EGFP (Figs.
2A-2C; Table 1).

LZRS-CA-mut4EGFP was also introduced by a low-

titer infection into an immortalized pre-B lymphocyte
cell line, 300-18 (1). Fluorescent cells were manually
enriched, and the pooled population of GFP-expressing
cells (as well as uninfected cells) was analyzed by
fluorescent activated cell sorting (FACS). Cells infected
with LZRS-CA-mut4EGFP virus (V163A/S175G) were
roughly threefold brighter than cells expressing EGFP
(Fig. 3).

Membrane-Targeted EGFP (gapEGFP)

To direct the transport of EGFP into the dendrites
and axons of developing neurons, EGFP was tagged
with 75 bp encoding the Kozak consensus sequence and
the first 20 amino acids that are shared by the GAP-43
gene, including the palmitoylation sequences, to gener-
ate gapEGFP (Fig. 1) (23, 30). While the complete
GAP-43 protein is localized specifically to axonal mem-
branes, the N-terminus amino acid sequences function
only to target the protein to the cell membrane; other
sequences in GAP-43 are probably required to restrict
the protein specifically to axons (23, 24). The N-
terminus 20 amino acid sequence from GAP-43 has
been shown previously to direct GFP to the membrane
of mature neurons as well as other cell types (16, 30).
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FI1G. 2. Cultured cortical cells infected with GFP-encoding retrovirus. E14 rat cortical cells are shown 48 h after infection with retrovirus
encoding GFP. Clones of fluorescent cells appear white among a confluent population of unlabeled cells. Cells infected with (A)
LZRS-CA-EGFP, (B) LZRS-CA-mut1lEGFP, (C) LZRS-CA-mut4EGFP, and (D) LZRS-CA-gapEGFP. All images were acquired and analyzed
under identical conditions using a cooled-CCD camera. Scale bar, 20 um.

We predicted that GAP-43-tagged EGFP would re-
sult in a more complete visualization of neuronal
morphology compared to unlocalized GFP. GapEGFP
was cloned behind the LZRS LTR and CA transcrip-
tional elements to generate LZRS-CA-gapEGFP, and
this vector was transfected into an amphotropic virus
helper cell line (Phoenix; gift from G. Nolan, Stanford
University). Again, E14 rat embryonic cortical cells
were plated for 12 h at an initial density of 5 X 10°
cellss/ml and then infected with a low titer of the
harvested virus. Cells were cultured in serum-free
medium at high density for 2 days. Clusters of fluores-
cent cells were readily visible among a confluent layer
of uninfected cells. The morphology of gapEGFP-
labeled cells was clearly visible and included fine
cellular processes (Fig. 2D), suggesting that this virus
may be useful in visualizing the detailed dendritic and
axonal morphologies of neuronal cells in the intact
cortex. In addition these results suggest that membrane-
targeted or cytoplasmic GFP may be useful for clonal
analysis of cultured progenitor cells in vitro, including

TABLE 1

Fluorescence Signal Intensity of Cells Infected
with GFP-Encoding Retrovirus

No. of Fluorescence Relative

Construct Mutation®  cells signal® signal®
LZRS-CA-EGFP None 12 578 = 277 1
LZRS-CA-mutlEGFP S147P 18 1877 = 644 3.2

LZRS-CA-mut4dEGFP V163A/S175G 10 2302 * 981 3.9

a Mutations are noted with respect to EGFP.

b Fluorescence is measured in pixels.

¢ Relative fluorescence is calculated with respect to average signal
of cells infected with LZRS-CA-EGFP.

the possibility of watching clones develop over time in
high-density cultures (Figs. 2A-2D).

Gross overexpression of gapEGFP can result in the
accumulation of fluorescent protein within the cell:
NIH 3T3 cells transfected with large copy numbers of
this construct and neurons in ferret cortical slices
transfected with high copy number of plasmid via
particle-mediated gene transfer both amass large quan-
tities of GFP protein in large membrane structures
within the cell without showing increased levels of the
fluorescent protein on the membrane (Fig. 4). GAP-43
is normally processed through the Golgi apparatus
(24), and the presence of a large amount of GFP tagged
with the palmitoylation signal of GAP-43 may over-
whelm the sorting mechanisms within of the Golgi,
resulting in protein accumulation within this organ-
elle. Similar observations have been made in other
systems in which GAP-43 or proteins containing the
N-terminal sequence from GAP-43 have been overex-
pressed (23, 24). The levels of GFP expressed from a
single copy of retrovirus (Figs. 3D and 5A-5E) are
sufficient to visualize cells but do not result in the
accumulation of excess GFP within the cell body.

Use of VSV-Pseudotyped LZRS CA mut4EGFP
and LZRS CA gapEGFP to Introduce GFP
into the Embryonic Cortex

Time-lapse videomicroscopy of fluorescently labeled
cortical cells has revealed complex migration patterns
of developing neurons (34, 35) and suggested that
daughter cells arising from mitoses involving different
cleavage planes adopt distinctive fates after cell divi-
sion (8). For efficient imaging of the dynamic behavior
of GFP-labeled cells developing in explant or slice
preparations, many labeled cells should be visible
within the microscope’s field of view at 20X to 40X
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FIG. 3. FACS analysis of AMULV cells infected with LZRS-CA-EGFP and LZRS-CA-mut4EGFP. AMuLV-transformed lymphocyte cell line
300-18 was infected with LZRS-CA-EGFP (solid line) and LZRS-CA-mut4EGFP (dashed line) and the fluorescence of the cells was plotted on a
linear scale of cell number (y axis) to logarithmic scale of fluorescence intensity (x axis). 10,000 cells were acquired for both samples; the two
populations contain different proportions of infected and uninfected cells.

magnification so that well-labeled cells that are active
at the time of the experiment can be found in the visual
field. Infection of embryonic rat brain with conven-
tional amphotropic or ecotropic replication-incompe-
tent retrovirus results in the labeling of up to 100 cells
in each brain (J. Weimann and S. McConnell, unpub-
lished; 39, 45, 46), numbers that are insufficient for
imaging experiments. To overcome the problem of low
viral titers, recombinant GFP-encoding retroviruses
pseudotyped with the VSV-G protein were generated
and used to infect the developing cortex.

The vesicular stomatitis virus glycoprotein recog-
nizes membrane lipid components as receptors that
mediate entry into host cells. VSV-G expressed in
retrovirus helper cell lines can be used to package
MoMuLV-based retrovirus to generate a polytropic,
VSV-pseudotyped virus (36). These viral particles can
be concentrated by centrifugation to a titer of up to 10°
infectious particles per milliliter, a 1000-fold increase
over conventional amphotropic and ecotropic retrovi-
ruses (5). Concentrated VSV-G-pseudotyped LZRS-
CA-mut4EGFP or -gapEGFP retrovirus particles were
thus generated and injected into the lateral ventricles
of rat embryos in utero on E16 using modifications of
published procedures (7).

Rats infected with VSV-G-pseudotyped retrovirus
were sacrificed at various times between E17 and
postnatal day 26. Embryonic brains were fixed in 2%
paraformaldehyde and labeled cells were imaged in
50-pum sections, while postnatal embryos were ana-
lyzed either immediately after sectioning as living,
200-um cortical slices or after fixation and subsequent
sectioning of the brain into 50-um slices. Similar num-
bers of cells were visible within the animals injected

with the high-titer virus in each experiment. The
increased viral titer, possibly in combination with the
receptor target of VSV-G (see Discussion), resulted in
expression of GFP in approximately 20 cells in each
field of view using a 20X objective to visualize a 200-um
section of the cortex.

Cells expressing either mut4EGFP or gapEGFP were
present throughout development into adulthood. At all
stages of development, many different types of cells
expressed the GFP reporter genes (Figs. 5A-5E). The
infected cells exhibited morphologies typical of cells
labeled in previous studies with a number of stains or
intracellular markers (17, 18, 21, 38 and see below). In
embryonic cortex, progenitor cells in the ventricular
zone exhibited GFP 24 h postinfection (Fig. 5A). In
more mature animals, various cell types such as pyra-
midal cells (in layers 2/3 and 5; Figs. 5B and 5C) and
interneurons (e.g., chandelier cells; Fig. 5D) are readily
distinguishable by their morphologies using the mem-
brane-targeted GFP. The single copy of LZRS-CA-
gapEGFP generated levels of fluorescence sufficient to
visualize the detailed morphology of growth cones of
developing neurons (Fig. 5E).

gapEGFP-Labeled Cells Appear to Make Normal Local
and Long-Distance Connections

The morphologies of cells expressing gapEGFP were
analyzed at various stages of development after infec-
tion into E16 rat embryos, to ascertain whether the
membrane-tagging sequences or the palmitoylation of
EGFP may somehow disrupt the normal development
of dendrites or axons. GapEGFP-expressing cells per-
sist through development into adulthood, and the cells
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FIG. 4. CA-gapEGFP introduced into cortical slices by ballistic methods. A layer 5 pyramidal neuron transfected with pCA-gapEGFP is
shown. High copy numbers of the plasmid vector encoding GFP were introduced into P14 ferret brain slices using a particle-bombardment
gene delivery system (Bio-Rad). Most of the fluorescent signal appears within the cell body and within the apical dendrite. Scale bar, 20 pm.

appeared normal in several aspects: the morphologies
of infected pyramidal neurons in layers 5 or 2/3 (Figs.
5B and 5C) as well as other cell types (e.g., chandelier
interneurons; Fig. 5D) were similar to those analyzed
by Golgi staining or filled with intracellular tracers (17,
18, 21, 38). Furthermore, layer 5 and layer 2/3 neurons
expressing gapEGFP formed local dendritic or axonal

branches characteristic of their normal morphology:
layer 2/3 neurons elaborated dendritic and axonal
branches in layer 2/3 (Fig. 5B) (21). Layer 5 neurons
extended an apical dendrite to layer 1 and formed
dendritic branches in 5 (Fig. 5C) (17). While local
axonal projections of layer 5 pyramidal neurons ap-
peared normal from the analysis of many different



FIG. 5. Cells labeled by injection of VSV-G-pseudotyped retrovirus into embryonic cerebral cortex. E16 embryonic rat cortices were
infected with LZRS-CA-gapEGFP pseudotyped retrovirus and sacrificed at various stages, and fluorescent images of gapEGFP-expressing
cells were acquired. (A) Cortical progenitor cell in the ventricular zone at E17. (B) Two pyramidal cells in layer 2/3 at P7. Local axonal branches
are marked by arrows. Dendritic branches in layer 2/3 are marked by arrowhead. (C) Layer 5 pyramidal neuron at P7. Dendritic branches in
layers 1 and 5 are marked by arrows. (D) Chandelier neuron in layer 2/3 at P26. (E) Growth cone (arrow) in the white matter at P15. Images of
live (E) or paraformaldehyde-fixed (A, B, C, D) cells were acquired using epifluorescence (A, C, D, E) or laser-confocal microscopy (B). Laminar
boundaries are marked by white lines. Scale bars: (A, B) 20 um, (C) 40 um, (D) 50 pum, (E) 10 um.
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cells, further detailed analysis and reconstruction need
to be performed to ascertain definitively whether their
local projections are normal.

To investigate whether labeled neurons make long-
distance axonal connections with appropriate axonal
targets, we injected Fast blue (Sigma) into the left
hemisphere of P28 rats that were injected previously
with LZRS-CA-gapEGFP on E16. Sections from the
right hemisphere were then examined 5 days after
injection of the dye to see whether GFP-labeled layer
2/3 pyramidal neurons (many of which normally make
connections to the contralateral cortex in rat (47)) were
retrogradely labeled with the fluorescent tracer in-
jected into the opposite hemisphere (Fig. 6). Several
GFP-labeled neurons in layer 2/3 showing morpholo-
gies of pyramidal neurons were labeled with Fast blue,
indicating that the cells have formed long-distance
axonal connections with the contralateral cortex.

Use of VSV-Pseudotyped LZRS-CA-mut4EGFP
and LZRS-CA-gapEGFP to Introduce GFP
into Chick Embryos

Hindbrain rhombomeres produce neural crest cells
which emigrate from the neural tube in a segmental
manner (25). The vital dye Dil has been used to label
and track migrating neural crest cells and show that
they follow specific routes from rhombomeres 2, 4, and
6 and to a lesser extent from rhombomeres 3 and 5. To
determine if the VSV-G-pseudotyped retroviruses could
be used to infect and image developing avian embryos,
we introduced LZRS-CA-EGFP or LZRS-CA-gapEGFP
retrovirus into the hindbrain of stage 9 chick embryos
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in ovo (14). The infected embryos were then incubated
on a rocking platform at 37°C.

The infected cells were imaged successfully in vivo
using time-lapse videomicroscopy, and images from a
static time point approximately 26 h after infection are
presented in Figs. 7A and 7B. The infected cells appear
to follow appropriate migratory routes (Fig. 7A) and
undergo normal differentiation. Depending on the age
of the embryo and amount of virus injected, we are able
to infect from just a few cells to virtually all of the
embryonic cells. These findings indicate that neither
retroviral infection nor GFP has deleterious effects on
the normal migration and differentiation of embryonic
neural crest cells.

DISCUSSION

We have demonstrated that VSV-G-pseudotyped ret-
rovirus vectors expressing various forms of GFP can be
used to efficiently, rapidly, and permanently label devel-
oping cells in the rodent cerebral cortex and in whole
avian embryos. Furthermore, by working with GFPs
with mutations that favor proper folding at 37°C or by
targeting the EGFP to the membrane, we have ob-
tained sufficient signal from a single integrated copy of
reporter virus to visualize fine structures in developing
and mature cells using standard epifluorescence micros-
copy. Although we have not unequivocally determined
that every GFP-labeled cell contained a single copy of
the GFP reporter, a relatively small fraction of cells
(<1/100) was infected in each experiment and the level
of GFP fluorescence was similar among cells visibly

FIG. 6. Retrograde labeling of layer 2/3 cells infected with LZRS-CA-gapEGFP. Rat embryos injected with LZRS-CA-gapEGFP at E16
were injected with Fast blue (Sigma) in the right hemisphere at P28. GapEGFP-expressing layer 2/3 neurons in the left hemisphere were
analyzed for cytoplasmic presence of Fast blue. (A) GFP-labeled neurons visualized with an FITC filter (480 nM). (B) Cells labeled with Fast
blue visualized using an ultraviolet filter (400 nM). (C) Overlay of (A) and (B). Double-labeled cell is marked with arrowhead. Scale bar, 20 um.
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FIG. 7. Neural crest cells labeled by injection of VSV-G-pseudotyped retrovirus into hindbrain of embryonic chicks. Chick embryos
received injections of GFP-expressing retrovirus into the hindbrain at the eight-somite stage. Embryos were then allowed to mature for 26 h.
Cells expressing GFP appear white and are seen to have emigrated from the hindbrain along appropriate migratory routes. (A) Whole chick
embryo infected with LZRS-CA-EGFP. Abbreviations: e, eye; h, heart; hb, hindbrain; ov, otic vescicle; I, 11, and 111, pharyngeal arches. (B) High
magnification of head mesenchyme of chick embryo infected with LZRS-CA-gapEGFP. Abbreviations: e, eye.

expressing the protein, leading us to conclude that
superinfection of virus did not occur.

VSV-pseudotyped retrovirus particles can be concen-
trated up to 1000-fold by centrifugation, enabling the
introduction of GFP reporters into large numbers of
cells in intact animals. These advances are critical for
the use of GFP for live imaging in cortical explants or
slices and in whole avian embryos, as well as in various
other tissues and organisms. VSV-G-pseudotyped retro-
viruses employ membrane lipids as receptors, which
may contribute to their efficient incorporation into
various cell types. Cortical progenitor cells form an
epithelial sheet that lines the lateral ventricles of the
brain (4). These cells are highly polarized in terms of
protein composition at the apical versus basolateral
surface (9), with only a small portion of each cell's
apical membrane (1-2 um in diameter) contacting the
ventricle (9, 15), forming the “delivery surface” for viral
infection. Because VSV-G-pseudotyped retroviruses use
lipid components of the membrane such as phosphati-
dylserine as a receptor (26), it is possible that these
viruses enter the polarized progenitor cells via their
small apical surface more efficiently than do viruses
with standard ecotropic or amphotropic envelope pro-
teins which recognize protein components (such as

basic amino acid or phosphate transporters (28)) to
enter cells.

One possible consequence of the efficient entry of
VSV-G-pseudotyped retrovirus into cortical progenitors
is reflected in the detection of EGFP-labeled layer 5
pyramidal neurons in animals following injections at
E16. Birth-dating data suggest that E16 progenitor
cells produce the last layer 5 neurons of the cortex (12).
The ability of virus to infect this population suggests
that viral entry and integration must occur very rap-
idly after injection of virus into embryos. We have not
observed labeled layer 5 neurons after infection of E16
cortex using retroviruses packaged with standard eco-
tropic or amphotropic host range envelope proteins.

Cells expressing the mutated or membrane-targeted
forms of EGFP persist through development, and while
we have not recorded the total numbers of infected cells
in each brain, the approximate numbers of cells per
brain during development appear similar between ex-
periments, suggesting that the transcriptional ele-
ments remain active through development and that
there is not a significant selection against cells express-
ing either mut4EGFP or gapEGFP. Neurons and glia
infected with LZRS-CA-gapEGFP express sufficient
GFP signal on the surface to clearly reveal the cell’'s
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morphology. These cells do not, however, show evidence
of the accumulation of unprocessed protein in the Golgi
apparatus, as do cells transfected with multiple copies
of gapEGFP. The continued presence of virally infected
gapEGFP cells into adulthood, the apparently normal
morphology of labeled cells, and the efficient targeting
of EGFP to the cell membrane suggest that labeled cells
can maintain normal properties following expression of
gapEGFP from the retrovirus.

In summary, the EGFP retroviruses reported here
provide a method with which to visualize the dynamic
behaviors of developing cells in situ. We have generated
mutations in EGFP that are severalfold brighter at
37°C than EGFP, which would facilitate imaging of
cells in higher vertebrates. The transcriptional ele-
ments used to drive GFP expression in these viruses
are active in cells of the cerebral cortex and neural crest
shortly after infection and appear to remain active
throughout the development of the organism. The
activity of the transcriptional elements, in combination
with the membrane targeting of GFP, permits us to
visualize the complex morphology of a wide range of
developing cells including the various neuronal cell
types present in the cerebral cortex, as well as glia. By
pseudotyping the retrovirus with the VSV-G protein,
we can obtain high viral titers to infect a large popula-
tion of dividing cells in the intact organism. Finally, the
use of VSV-G-pseudotyped viruses broadens the range
of species that can be infected by these retroviral
vectors, enabling the study of developmental processes
in organisms ranging from fish to birds to mammals.

As a word of caution, the broad host range of the
pseudotyped virus that makes it a versatile and useful
reagent also makes it potentially dangerous, since
VSV-pseudotyped virus can also readily infect humans.
For this reason, pseudotyped virus should not be used
to express sequences known to be oncogenes. Work
using the virus should be conducted in appropriate
facilities and measures to contain live virus should be
exercised to prevent any exposure while handling and
disposing of the virus.
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