
T E C H N I C A L  F O C U S  

T o  date, labelling cells in the Drosophila nervous 
system has relied almost exclusively on invasive 
techniques, such as dye microinjection or antibody 
staining of fixed tissues. One advantage of using dyes, 
such as Lucifer yellow and 1,1'-Dioctadecyl-3,3,Y,Y,- 
Tetramethylindocarbocyanine perchlorate (DiD is that 
they fill the entire cell, including the axonal or glial 
extensions. In addition, because labelling is carried 
out on living embryos, individual cells can be followed 
throughout development in a single animal. How- 
ever, dye microinjection is time consuming and re- 
quires great dexterity. For this reason, immunohisto- 
chemistry has been the preferred method for studying 
embryonic-nervous-system development. Antibody stain- 
ing, however, also has its limitations. First, it is 
necessary to analyse a large number of embryos of 
different ages to construct a comprehensive time course 
of development with fixed specimens. Second, cell 
shapes are not revealed when using antibodies 
raised against nuclear proteins. Third, the cuticles of 
older embryos and larvae are impermeable to anti- 
bodies. The use of green fluorescent protein (GFP) 
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as a cell marker is, therefore, a great technological 
advance: individual cells can be labelled in vivo and 
followed throughout development without invasive 
manipulation 1. 

We are using GFP to label neurons in living 
Drosophila embryos, larvae and pupae. To target 
expression of  GFP we have made use of  the Gal4p 
system 2,3, which allows the selective activation of any 
cloned gene in a wide variety of  tissue- and cell- 
specific patterns. To express the yeast transcriptional 
activator, Gal4p, in specific cell- or tissue types, the 
GAL4 gene is integrated randomly in the Drosophila 
genome bringing it under the control of an array of 
different genomic enhancers. It is then possible to 
activate a synthetic gene, containing Gal4p-binding 
sites in its promoter, in those cells where Gal4p is 
expressed and to observe the effect of this directed 
misexpression on development. We have constructed 
a Gal4p-responsive g ~  transgene with which it is 

Fmt~,E 1. (a) Drosophila epidermal cells expressing a fusion of green fluorescent protein to the microtubule-binding protein, tau 
(tau-GFP). The tau-GFP binds to microtubules and clearly reveals the microtubule network within each cell. The figure shows the 
ventral surface of a larva, focusing through a single layer of epidermal cells. Gal4p is expressed in the engrailed-positive cells, driving 
expression of tau-GFP in the posterior part of each segment. A band of GFP-expressing cells fills the bottom two-thirds of the picture. 
As the microtubule networks are highlighted, individual cells are not distinguishable. A cell nucleus, from which the tau-GFP fusion 
protein is excluded, can be seen at the lower left (black arrow). Two isolated cells are at the top of the picture (white arrows). A third 
instar larva was mounted in halocarbon oil and visualized with a BioRad MRC-600 laser-scanning confocal microscope. The image is a 
projection of a series of sections in the Z direction. (b) Individual neurons at the ventral midline are labelled with a tauq3FP protein 
fusion. The arrows mark the ventral midline, where numerous axonal projections can be seen. Most of the neuronal cell bodies lie out 
of the plane of focus. On the right of the midline are several cell bodies and their axons within the plane of focus (arrowheads). The 
image is a projection of a series of sections in the Z direction. 
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now possible to label almost any cell type in vivo 
(A. Brand, B. Amos and J. Haseloff, unpublished). 

We have also taken advantage of the fact that GFP 
remains active as a fusion protein 4 and have linked GFP 
to the microtubule-binding protein, tau5, 6. Using laser- 
scanning confocal microscopy, we are able to distin- 
guish individual cells and their substructure (Fig. 1). 
Although the wild-type GFP is a small protein (approxi- 
mately 27 kDa; Ref. 7) that can readily diffuse through- 
out the cell, we have obtained more-impressive results 
when using the tau--GFP fusion protein, in particular 
when labelling individual neurons (Fig. lb). We do find, 
however, that the wild-type GFP fluoresces more 
brightly than does the GFP protein fusion. 

GFP is produced as an apoprotein, which is con- 
vetted to an actively fluorescent form after cyclization 
and autoxidation 8. Autoxidation has been reported to 
proceed with a time constant of about 4 h in bacteria, so 
that there is a delay between expression of GFP and 
the appearance of the actively fluorescent molecule 8. 
Consistent with this observation, we observe GFP fluo- 
rescence in Drosophila embryos at stage 12, approxi- 
mately 3 h after [3-galactosidase expression from a simi- 
lar transgene. 

When observing living whole-mount preparations 
by conventional epifluorescence microscopy (as op- 
posed to laser-scanning confocal microscopy), autofluo- 
rescence can be a problem. In embryos, yolk autofluo- 
rescence can obscure the signal from GFP, while in 
larvae, reflection from the cuticle can present difficulties. 
In both cases, background autofluorescence is indistin- 
guishable from GFP fluorescence using a fluorescein 
filter set (Zeiss filter set 10: excitation 450-490 nm, emis- 
sion 515-565nm). To discriminate between the two, we 
use a DAPI filter set (Zeiss filter set 2: excitation 365 nm, 
emission 420 nm and above). Using the DAPI set (or fil- 
ter set 18, see below) the background fluorescence is 
blue and GFP fluorescence is green. If possible, the 
use of a filter set more closely tailored to the GFP 
absorption peak at 395 nm is preferable (we have tried 
Zeiss filter set 18: excitation 390-420nm, emission 
450nm and above). With respect to fluorescence 
intensity, we find that filter set 18 > filter set 
10 (FITC) > filter set 2 (DAPI). Interestingly, we find 
that cells fluoresce more brightly after an initial period 
of irradiation. Irradiation may induce alterations in 
the cellular environment that enhance fluorophore 
maturation. 

There is an apparently endless list of applications for 
GFP in developmental biology. Not only will it be pos- 
sible to label cells in wild-type animals, but also in 
mutant backgrounds. In Drosophila, we can pemirb 
development by ectopically expressing a gene with the 
GAL4 system and concurrently label the cell with GFP 
to assay changes in division patterns or axon migration. 
GFP can be used as a lineage tracer, either by inducing 
constitutive GFP expression in clones using the Flp/FRT 
recombination system (Ref. 9; D. Buenzow and R. 
Holmgren, unpublished), or by double-labelling GFP- 
positive cells with DiI (Ref. 10). In genetic screens, 
mutants can be identified, and easily recovered, on the 
basis of altered GFP expression pattems. 

Our aim is to be able to follow neurogenesis in living 
animals. In a single embryo, after a simple dechoriona- 

tion step, it should be possible to visualize neuroblast 
segregation, the subsequent mitotic divisions that pro- 
duce ganglion mother cells and neurons, neuronal and 
glial cell migration, axon outgrowth and synaptogen- 
esis. In pupae, it should be feasible to observe the 
rewiring of the nervous system as larval tissues are his- 
tolyzed and adult structures take their place. In the 
embryonic, larval and adult brains, GFP or GFP fusion 
proteins can be used to identify and to trace individual 
cells. 

At present, we are able to label ceils usefully with 
wild-type GFP. The advent of mutants that are 
brighter8, n, form fluorophores more rapidly n and 
absorb at wavelengths approaching 488 nm (the wave- 
length produced by most laser-scanning confocal 
microscopes; Refs 11, 12) can only make life easier. 
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