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Early gastrula-stage Drosophila embryo ceils will differen- 
tiate in vitro to form several cell types, including neurons. 
We report here the morphological appearance of cultured 
embryo cells, the pattern of DNA synthesis, and the expres- 
sion of neurotransmitter-metabolizing macromolecules. The 
cells initially exhibit no overt morphological differentiation, 
and all cells incorporate 3H-thymidine following a 1 hr pulse- 
labeling period. As cells undergo morphological differentia- 
tion, fewer total cells as well as qualitatively different cell 
types incorporate label. By the time cells are 8 or 9 hr old, 
no myocytes or myotubes are labeled. In contrast, some 
neurons are labeled with a thymidine pulse as late as 18 hr. 
We have also stained cultured cells of various develop- 
mental ages with the insect neuron-specific antibody: anti- 
HRP. Some positive cells can be detected as early as 5 hr, 
when no overt morphological differentiation is apparent. As 
the cells differentiate, the staining is limited to the small, 
round neuronal type and its processes. These findings sug- 
gest that this neuron-specific cell marker is expressed very 
early in cultured gastrula-stage cells and may be used to 
identify neuronal precursor cells. We have studied the pat- 
terns of expression of several macromolecules involved in 
acetylcholine metabolism using these cultures. The ap- 
pearance of choline acetyltransferase (ChAT), the biosyn- 
thetic enzyme for ACh production, is first detected in 5-hr- 
old cells. There is an initial phase of low-level expression, 
followed by a rapid rise in activity shortly after the differ- 
entiating neuron clusters make contact with one another. 
ChAT activity reaches a plateau in 38-48-hr-old cells. Ace- 
tylcholinesterase activity can be detected several hours 
before ChAT and also shows a period of low-level expres- 
sion followed by a rapidly increasing phase, reaching a pla- 
teau at around 36-48 hr. 1251-a-bungarotoxin binding ap- 
pears in cells about 4 hr old and rapidly approaches 
maximum levels by about 36 hr. The in vitro expression pat- 
tern for ChAT and AChE is similar to that seen in viva. AChE 
activity has been localized histochemically to the neurons 
and their processes in vitro. 

The normal in vitro expression pattern for ChAT and AChE 
can be altered by adding various cholinergic drugs to the 
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culture medium during cell differentiation. Medium condi- 
tioned by older cultures can also result in lower levels of 
ChAT and AChE expression. These results indicate that the 
gene expression patterns for neurotransmitter metabolism 
can be influenced by environmental cues, thus making Dro- 
sophila embryo cultures an attractive preparation for the 
study of the genetic and epigenetic factors involved in neu- 
ronal development. 

Development of the nervous system involves a complex inter- 
action between genetic and epigenetic factors. In order to obtain 
a satisfactory understanding of development, it will be necessary 
to precisely define both of these factors, as well as their inter- 
actions. Early gastrula-stage embryo cells of Drosophila can be 
cultured under conditions in which they divide and form dif- 
ferentiated neurons (Seecof and Unanue, 1968; Seecof et al., 
1971, 1973a; Shields et al., 1975). Thus, these cultures offer a 
unique biological preparation for studying many aspects of early 
neurogenesis. Drosophila studies have the powerful advantage 
of well-defined genetics; several genes controlling neurogenesis 
have already been described (Wright, 1970; Jimenez and Cam- 
pos-Ortega, 1979; White, 1980; Lehman et al., 198 1; Campos- 
Ortega, 1982). When early gastrula-stage cells are grown in vitro, 
it is possible to examine the effects of embryonic-lethal muta- 
tions (which are likely to include most neurogenesic mutants) 
at the cellular level. In addition, an in vitro paradigm allows the 
environment to be both defined and manipulated in order to 
uncover the various epigenetic factors controlling development. 

Since the pioneering studies of Seecof and his collaborators 
(Seecof and Unanue, 1968; Seecof et al., 1972, 1973a-c) and 
Sang (Shields and Sang, 1970; Shields et al., 1975), few investi- 
gators have taken advantage of Drosophila embryo cell cultures. 
These early studies provided evidence that embryonic gastrnla- 
stage cells could differentiate in vitro to form morphologically 
and functionally defined neurons and myotubes. In addition, 
Dewhurst and Seecof (1975, 1979) provided evidence for the 
in vitro expression of enzymes involved in ACh metabolism in 
differentiating embryo cell cultures. More recent studies using 
this cell culture system have focused on its potential as an in 
vitro eucaryotic teratogen-screening system (Bournias-Vardi- 
abasis et al., 1983a, b) and the role of heat-shock proteins during 
embryonic development (Buzin and Bournias-Vardiabasis, 
1984). Furst and Mahowald (1984) have employed differen- 
tiated embryo cell cultures as an immunohistochemical screen- 
ing assay for the identification of cell type-specific monoclonal 
antibodies raised in response to complex Drosophila immu- 
nogens. In addition, they have recently described a method for 
purifying primary embryonic neuroblasts from dissociated em- 
bryo cells (Furst and Mahowald, 1985a), thus allowing culture 
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of a pure neuroblast population. They have also recently char- 
acterized the pattern of DNA synthesis in cultures enriched in 
neuronal precursor cells (Furst and Mahowald, 1985b). 

Jan and Jan (1982) have described the curious and potentially 
useful in vivo appearance of a neuronal cell type-specific antigen 
that can be recognized by antibodies raised against the soluble 
enzyme HRP. We have studied the immunohistochemical ap- 
pearance of this insect neuron-specific marker in vitro as a func- 
tion of the developmental age of cultured gastrula-stage embryo 
cells. Our results provide additional evidence for a chemical 
neuronal differentiation program operating in embryo cell cul- 
tures. We have also characterized the kinetics of 3H-thymidine 
deoxyribose (TdR) incorporation into cultured gastrula-stage 
cells by pulse-labeling cultures at various developmental stages, 
and have followed this with quantitative measurements or ra- 
dioautography. 

One of the most fundamental actions of a neuron during 
development involves the choice of an appropriate neurotrans- 
mitter. A complex array of genetic and epigenetic factors must 
operate in order for each neuron to both make the appropriate 
choice and enforce it throughout its lifetime. The precise mech- 
anisms that regulate initial neurotransmitter phenotype selec- 
tion and maintenance are not known. However, there has been 
a great deal of investigation in this area, pioneered by the elegant 
in vivo studies of LeDourain and her colleagues, using surgically 
constructed chicken-quail chimeras (LeDourain et al., 1977) 
and Patterson, using in vitro model systems of primary embry- 
onic neurons and clonal cell lines (Patterson and Chun, 1977; 
Patterson, 1978). These studies and others (Furshpan et al., 
1976; Black, 1982; Landis and Keefe, 1983) have established 
the importance of the local environment and target tissue or 
factors produced by the target tissue in influencing neurotrans- 
mitter phenotype expression. In addition, they have argued 
strongly for an underlying mechanism by which alternative 
transmitter options are possible even after an initial decision 
has been made (Landis and Keefe, 1983; Black et al., 1984). 

Neurons using classical neurotransmitters select a particular 
neurotransmitter phenotype by expressing the appropriate bio- 
synthetic enzyme for transmitter production. Thus, for ACh, a 
“cholinergic” neuron will transcribe and translate the gene for 
choline acetyltransferase (ChAT; EC 2.3.1.6). In addition, the 
genes for a number of other macromolecules involved in trans- 
mitter metabolism may also be expressed in the same cell or in 
target cells for the cholinergic neuron, such as the enzyme AChE 
(EC 3.1.1.7) which functions by hydrolyzing the transmitter, 
thus terminating its action. The appropriate neurotransmitter 
receptors must also be expressed on the target cells of cholinergic 
neurons. 

Primary dissociated embryo cell cultures of Drosophila offer 
several attractive features for the study of ACh neurotransmitter 
phenotype expression during development and differentiation. 
In addition to being able to modify the culture environment, 
the genes for ChAT and AChE have been identified and genet- 
ically mapped in Drosophila, and several mutant alleles, in- 
cluding temperature-sensitive structural gene mutants, have been 
isolated (Hall and Kankel, 1976; Greenspan, 1980; Greenspan 
et al., 1980). In this paper we describe our initial studies char- 
acterizing the normal temporal expression of ChAT, AChE, and 
lZSI-a-bungarotoxin binding in Drosophila embryo cell cultures. 
We also report evidence that the normal programs of gene 
expression can be altered under a variety of experimental con- 
ditions involving manipulation of the culture environment. The 

combination of genetic definition and experimental accessibility 
of cultured cells should facilitate a description ofboth the genetic 
and epigenetic mechanisms regulating neurotransmitter phe- 
notype selection. 

Materials and Methods 
Preparation of Drosophila embryo cultures. The following methods 
have been derived from the initial studies of Seecofand his collaborators 
and have been described in detail in Seecof (1980). 

Egg collection and aging. Canton S Drosophila melanogaster flies 
were maintained in population cages at 25°C on a 12 hr light/dark cycle. 
Eggs were collected on large (100 mm) petri plates containing standard 
corn meal medium supplemented with yeast for a 1 or 2 hr period. In 
some experiments for which early timing was critical, a 30 min pre- 
collection was made. The eggs were allowed to age undisturbed on the 
collection plates for 3.5 hr at 25°C. This procedure assured that >95% 
of the embryos had proceeded to the early gastrula stage. After aging, 
the embryos were harvested and cleaned by rinsing with distilled H,O 
on a nylon mesh sieve. 

Preparation ofembryo cultures. The embryos were dechorionated and 
sterilized by immersion for 2-3 min in a 1: 1 solution of 95% ethanol 
and commercial Clorox. The embryos were mechanically dissociated 
by gentle homogenization using a Dounce homogenizer in modified 
Schneider’s Drosophila medium, supplemented with 18% heat-inacti- 
vated fetal calf serum and insulin (200 rig/ml), and collected by cen- 
trifugation. The cells were washed once in medium, pelleted, resus- 
pended in medium, and counted in a hemocytometer. They were then 
plated in 35 mm tissue culture dishes at 0.8 or 1.6 x lo6 cells/ml in 2 
ml of medium. Approximately 10 min were required for embryo col- 
lection and 30-40 min to prepare cultures. The cells were allowed to 
attach to the bottom of the dish for 30-45 min, the media were replaced, 
and the cells cultured at 25°C in a dry-air incubator. 

‘H- TdR incorporation. For quantitative determinations of 3H-TdR 
incorporation, embryo cultures were pulse-labeled for 1 hr periods with 
2 uCi of 3H-TdR (methvl-‘H-TdR. 80 uCi/mmol: New Endand Nu- 
clear). Cells were harvested and the’)H-TdR incorporation and protein 
were determined as described in Yoshitake et al. (1982). 

For radioautographic studies, cultures were pulse-labeled with 0.5- 
2.0 FCi 3H-TdR. To determine the percentage of cells undergoing DNA 
synthesis, during each labeling period, cultures were rinsed 3 times with 
modified Schneider’s medium, fixed with 4% paraformaldehyde, and 
radioautographed for 24 hr after coating the dish with a 1: 1 dilution of 
Kodak NTB2 liquid emulsion in H,O. Cells were viewed under bright- 
field optics to count labeled nuclei, and under phase-contrast optics to 
count the total number of cells. To determine which cell types were 
labeled during each pulsing period, replicate cultures were rinsed with 
fresh medium at the end of the labeling period and cultured in the 
absence of 3H-TdR until 18 hr before Exation and radioautography, as 
described. 

Immunocytochemistry. Anti-HRP antibody binding was determined 
by indirect immunofluorescence. The primary antibody was prepared 
in a rabbit and purified as described in Slemmon et al. (1980). Cells 
were cultured on gas-sterilized glass coverslips placed on the bottom of 
a 35 mm culture dish. The coverslips were rinsed in the dish with 
modified Schneider’s saline, followed by PBS containing 1 mg/ml BSA, 
and fixed for 30 min in 4% paraformaldehyde in PBS. Following 2 rinses 
with PBS-BSA, cells were incubated with primary antibody for 1 hr in 
PBS at a concentration of 5 pg IgG/ml. After rinsing with PBS-BSA, 
fluorescein- (Cappel; 200-fold dilution) or rhodamine- (Pel Freeze; 200- 
fold dilution) labeled aoat anti-rabbit antibodv was added for 1 hr. The 
coverslips were rinsed with PBS, inverted onto a microscope slide on 
a drop of glycerol containing 1% phenylenediamine (para), and exam- 
ined under epi-illumination with an Olympus Vanox microscope. 

Scanning electron microscopy. Cultures were grown on gas-sterilized 
glass coverslips and prepared for scanning electron microscopy using 
standard methods. 

ChAT and AChE assays. The cells to be assayed for ChAT and AChE 
were gently washed 3 times with Schneider’s saline (without Ca2+ and 
Mg2+), scraped off the dish with a Teflon policeman, and collected by 
centrifugation at 2000 rpm for 5 min in an IEC refrigerated centrifuge 
(4°C). Cells were resuspended in 200 ~1 of PBS (75 mM PO,, 75 mM 
NaCl, pH 7.4) containing 2% Triton X-100 and homogenized in a small 
glass homogenizer. The samples were kept at 4°C for 30-60 min to 
solubilize the AChE activity, then stored at -70°C until assay. ChAT 
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Figure 1. Scanning electron micro- 
graph of Drosophila embryo cells in cul- 
ture at various developmental stages. a, 
Five-hour-old cells. Note that cells show 
little overt differentiation with at least 
2 size classses present. (Solid arrow) 
points to a 8-10 pm cell; open arrow 
points to a 4-6 pm cell. b, Ten-hour- 
old cells. At this time most cells are 
smaller in diameter and tend to be pres- 
ent in clusters. The neuronal-type cells 
(LV) have processes at this stage that 
travel along the culture substrate. Myo- 
cyte (solidarrow) are present at this stage 
and appear flatter and more oval-shaped 
than the neurons. c, Twenty-four-hour- 
old cells. At this time morphological 
differentiation is essentially complete. 
The myocytes have fused to form mul- 
tinucleate myotubes (arrowhead), while 
the neuronal-type cells are present in 2 
different arrangements: either 
3-dimensional clusters of small, round 
cells (large curved arrow) or in a more 
isolated state (small curved arrow). In 
both arrangements the neuronal cells 
contain extensive varicose processes. 
(Open arrow) points to an axon con- 
necting a neuron cluster to a myotube. 
Scale bar, 50 pm. 
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Figure 2. Incorporation of 3H-TdR into cultured cells of various de- 
velopmental ages. Cells were pulse-labeled for 1 hr, as described, with 
0.2-2 &i of ‘H-TdR at the times indicated. At the end of the pulsing 
period, cells were harvested and processed for 3H-TdR incorporation. 
The arrow indicates the time of culture initiation. Triplicate determi- 
nations showed a SE of < 10%. 

activity was determined by a modification (Dietz and Salvaterra, 1980) 
of the procedure of Fonnum (1975), using 14C-acetylCoA, and AChE 
was measured by the calorimetric procedure of Ellman et al. (196 l), 
using acetylthiocholine as a substrate. All assays were performed under 
conditions of linearity for enzyme concentration and incubation time. 

1Z5Z-a-bungarotoxih bind& Cells were gently washed 3 times with 
50 mM Tris. 50 mM NaCl. 0.02% NaN,. DH 7.4 ITris-NaCl-NaN, (TNIW 
containing ‘1 mg/ml BSA, and then scraped off the dish and collected 
by centrifugation. Cells were homogenized in 400 ~1 TNN plus BSA. 
The samples were stored at - 70°C until assay. The final 12+cu-bunga- 
rotoxin concentration was 3 x 1 O-9 M and appeared to saturate > 90% 
of the specific binding sites following 90 min incubation at room tem- 
perature. Toxin-binding assay details are described in Salvaterra and 
Foders (1979). 

Protein assay. One replicate culture for each experimental group was 
used for protein assay, following the method of Lowry et al. (19 5 1). The 
cultures were gently washed 3 times with Schneider’s saline (with Ca2+ 
and Mg2+) and dissolved in 1 ml of 1 N NaOH for 2-3 hr at 25°C. 

AChE histochemistry. AChE activity was localized histochemically 
by the acetylthiolcholine procedure of Kamovsky and Roots (1964). 
Cells were grown on gas-sterilized glass coverslips and fixed for 30 min 
by immersion in 4% paraformaldehyde in PBS. Appropriate pharma- 
cological controls included staining cells in the presence of 1 x 10m6 M 

1,5-bis(4-allyldimethylammoniumphenyl)-pentane-3-onedibromide 
(BW284C5 l), a specific AChE inhibitor, or iso-tetraisopropylpyro- 
phosphoramide (OMPA), a nonspecific esterase inhibitor, following a 
30 min preincubation with the inhibitors. 

Experimentalprocedure for drug additions. After cells were plated out 
at a cell concentration of 1.6 x lo6 cells/ml and allowed to attach to 
the plate for 30-45 min, the medium was replaced with fresh culture 
medium. The drugs to be tested were dissolved in modified Schneider’s 
saline and added directlv to the cell cultures in volumes of 20 or 200 
rl. The cultures were incubated for the appropriate period of time at 
25°C and then assayed for ChAT, AChE, or protein. Replicate control 
cultures were treated the same wav. with the addition of modified 
Schneider’s saline. 

Experimental procedure for the preparation and testing of conditioned 
media. Embrvo cultures were DreDared and maintained for l-7 d. The 
media were harvested, clarified by centrifugation at 3000 rpm for 10 
mitt, and aliquots stored at -70°C. Conditioned media were mixed with 
fresh media and added in the amounts indicated to freshly prepared 
embryo cultures (1.6 x lo6 cells/ml) following the attachment period. 
The cells were grown for 1 or 2 d in the presence of conditioned media. 

Results 
General morphology 
As originally noted by Seecof and his collaborators (Seecof et 
al., 1973a-c; Gerson et al., 1976) and Shields and Sang (1970; 
Shields et al., 1975), dissociated Drosophila melanogaster gas- 
trula-stage embryonic cells grow and rapidly differentiate in vitro 
into several morphological cell types. Figure 1 shows the ap- 

Table 1. Morphological characteristics of HRP-positive cells 

Develop- 
mental 
time 
(hrp 

HRP-positive 
cellsh HRP-positive cell 
% diameter (pm) 

HRP-positive 
process 
lengthd 
bm) 

5 4.8 6 + 2 (60) <l 
8 15.2 6 + 1.9(100) 8.5 + 4 

11 44.9 5.5 k 1.4 (200) 17 f 7.5 
17 70.9 4.8 + 1.2 (200) 35.6 iz 15 

u Times refer to hours postoviposition. 
h A total culture area of 5.8 x lo5 pm’, containing at least 1000 cells, was counted 
for all times. 
C Values represent means i SD (n in parentheses). Only cells with clearly defined 
diameters were included. 
d Values represent means ? SD of longest dimension for at least 40 processes 
extending from individual cells or cell clusters. 

pearance of cultured cells in a scanning EM at various times, 
while the appearance of cells in phase contrast is shown in Figure 
5. All times indicated refer to hours postoviposition. Initially 
and at times of up to about 7 hr (3.5 hr in culture), most cells 
exhibit no overt cell type-specific morphology. They appear as 
round, undifferentiated cells of at least 2 size classes: larger cells, 
with a diameter of approximately 8-10 PM, and smaller cells 
between 4 and 6 PM (see Figs. la and 5a). The cells appear well 
dispersed, with only a few clusters containing 3-5 small, round 
cells. Few cell processes are visible at these early culture stages. 
After 9 or 10 hr, some differentiated cell types are easily rec- 
ognizable under phase contrast (Fig. 5~). Many small (4-5 MM), 

round phase-bright cells are now arranged in clusters and con- 
tain fine cell processes characteristic of neurons (Figs. lb and 
5~). This is the major cell type present in the cultures at this 
stage. Other, flatter, ovoid-shaped cells having the appearance 
of myocytes are also present (see Fig. 1 b). By 17 or 18 hr, most 
of the myocytes have fused to form easily recognizable multinu- 
cleate myotubes containing 3-5 nuclei (range, 2-15) (Fig. lc). 
The neuronal-type cells are present primarily in clusters of small, 
round phase-bright cells (Fig. 4e) and have extensive process 
development at this stage. At this plating density, bundles of 
fibers usually contact neighboring neuronal clusters (Fig. lc). 
Often larger-phase granular cells appear associated with the neu- 
ronal-type clusters. Individual or paired small, round phase- 
bright neuronal-type cells with processes can also be seen at this 
stage of culture (Figs. lc and 4e). The morphological appearance 
of the neuronal-type cells and myotubes does not change ap- 
preciably after 18-24 hr, and these 2 cell types make up the bulk 
of the cells (>80%) present at 24 hr. At least 2 other cell types 
have been described at later culture times (Shields and Sang, 
1970; Cross and Sang, 1978a,b); one is probably an adipocyte 
and the other a chitin-secreting cell. 

It is evident from Figure 1 that the myotubes are long flat 
cells, while the neuronal clusters with the associated non-neu- 
ronal cells are organized in a 3-dimensional array, with the cell 
processes running along the surface of the coverslip. The surface 
of the neuronal-type cells appears to be smooth, while the pro- 
cesses have a varicose appearance. More isolated neuronal-type 
cells also appear to have a smooth, round surface. 

3H- TdR incorporation 

Since the number of cells in culture increases rapidly between 
3.5 and 18 hr, and differentiated cell types are evident at later 
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Figure 3. Autoradiographs of )H-TdR 
incorporation into cells of various de- 
velopmental ages. a, Six-hour-old cells 
pulse-labeled between 5 and 6 hr with 
2 &i 3H-TdR. Nearly all cells incor- 
porate label over their nuclei at this 
stage. b, Twelve-hour-old cells pulse- 
labeled between 11 and 12 hr. Approx- 
imately 60% of all cells are labeled, 
however, no myocytes (arrowhead) are 
labeled after a pulse between 8 and 9 
hr. c, Eighteen-hour cells pulse-labeled 
between 17 and 18 hr. Only about 10% 
of the cells are labeled at this stage and 
they are mostly the neuronal-type cells 
present in clusters (star). The myotubes 
are not labeled at this stage. Scale bar, 
20 firn. 

F 
h 

. - ‘.* 
f? 

times, the original cells must contain mitotically competent neu- as a function of pulse time. When the cultures are pulse-labeled 
ronal and muscle cell precursors. The quantitative incorporation at later times, the percentage of labeled cells decreases and the 
of ‘H-TdR following 1 -hr-long pulse-labeling periods is shown various cell types cease to incorporate label after different pulse 
in Figure 2. The rate of 3H-TdR incorporation during early times (Fig. 3). Essentially all cell types are labeled when the 3H- 
pulsing periods is high and decreases rapidly during later pulse TdR pulse is applied between 5 and 6 hr. Examination of the 
times. Table 1 summarizes the percentage of total cells labeled cultures at 18 hr following the 5-6 hr pulse shows incorporation 
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Figure 4. Staining of cultured cells at various developmental ages with anti-HRP antibody. a, Phase-contrast view of 5-hr-old cells. b, Pluorescence 
view of the same field as in a. Either single large cells (arrows), smaller cells in groups (arrowhead), or attached large and small round cells (open 
arrowhead) are stained at this stage. c, Phase-contrast and d, fluorescence of the same field of IO-hr-old cells. At this stage some large bottle-shaped 
cells (arrow) are positive, with all of the small, round neuronal-type cells either in clusters or more isolated showing positive staining. Open arrow 
indicates a non-neuronal (nonstaining) cell. e, Phase-contrast andJ; fluorescence view of the same field of 1 %hr-old cells. At this time, morphological 
differentiation is essentially complete for the myotubes (semicircle) and the neuronal-type cells (star). Only the neuronal-type cells and their processes 
are stained. Note also the process growth along the surface of the myotubes (arrow). The large bright patches of fluorescence are neuronal clusters 
that are out of the plane of focus at this magnification (400 x ). Scale bar, 20 pm. 

of label into all cell types; however, the relative intensity of 
radioautographic grain distribution is variable, perhaps reflect- 
ing different numbers of cell divisions. Figure 3 also illustrates 
the incorporation of label into some of the small, round clustered 
and individual neuronal-type cells during all pulsing intervals 
up to and including 18 hr. In contrast, no myocytes or myotubes 
incorporate label after the 8-9 hr pulse period, which confirms 
the observations of Seecof and Dewhurst (1976) of a more re- 
stricted myoblast division time. These data agree well with the 
description of ‘H-TdR incorporation into intact embryos; i.e., 

the neuronal precursors have an extended period of cell division, 
while muscle cell precursors have a more restricted mitotic pe- 
riod (Campos-Ortega, 1982). 

Expression of HRP-like antigen 

The cultured embryo cells express an antigen that can be rec- 
ognized by antibodies to HRP. Figure 4 shows the in vitro 
expression of the HRP-like antigen as a function of time. The 
antigen is present at all times examined. However, the mor- 
phology of positive cells undergoes considerable change. Ini- 
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Figure 5. Normal in vitro expression of a, protein, b, ChAT activity, c, AChE activity, and d, 1Z51-~-bungarotoxin binding in Drosophila dissociated 
embryo cell cultures. Eggs were collected for l-2 hr and put into culture at 3.5 hr (arrows) as described. Three of 4 plates were pooled and assayed 
in triolicate at the times indicated. The SEM is indicated for toxin-binding measurements; all other parameters had a SEM less than the height of 
the s;mbols. 

tially, at least 2 size classes of cells are positive, as illustrated 
in Figure 4b. The larger cells have a diameter of approximately 
8 I.LM and often appear to have small, short (< 1 Mm) hairlike 
processes around their periphery. These processes are not visible 
in phase contrast at this stage. The smaller cells are often in 
clusters of 2 or 3 cells, with a diameter of 4-5 Grn. They have 
the smooth, round phase-bright shape characteristic of neuron- 
al-type cell bodies present at later stages; however these 5 hr 
cells have no processes. Often a larger and smaller HRP-positive 
cell appear to be attached to each other, resembling the asym- 
metric division pattern described for ventral neuroblasts (Poul- 
son, 1950; Hartenstein and Campos-Ortega, 1984). At approx- 
iately 10 hr, when several different cell types are recognizable 
by phase contrast (Fig. 4c), the small, round cells, either singly 
or more often in clusters, are HRP-positive (Fig. 44. In addi- 
tion, their processes are quite elaborate and are beginning to 
contact adjacent clusters. We also see large bottle-shaped cells, 
which are weakly positive for HRP at this culture stage (Fig. 
46). By 18 hr, the major HRP-positive cells in the culture are 
of the clustered neuronal type, with elaborate process devel- 
opment (Fig. 48. Other positive cells are also present, either 
singly or in pairs, with long fine processes. No myotubes or large 
phase-granular cells are stained by the antibody. Most adjacent 
clusters appear to be contacting one another with their processes. 
The processes emanating from the clustered neuronal cells often 
appear thick and may represent bundles of individual fibers. 
They occasionally course along the surface of a myotube before 
continuing onto another cluster of neurons (Fig. 4e). In other, 

less frequent, cases, the processes from nonclustered HRP-pos- 
itive cells terminate upon contacting a myotube. Quantitative 
data concerning HRP staining as a function of cell age are sum- 
marized in Table 2. 

We have also cultured cells in the presence of 1 mg/ml of 
anti-HRP antibody-a concentration that should have saturated 
any antigen on the cell surface- to see if normal morphological 
differentiation was perturbed. No effect on the morphological 
appearance of the cultures was observed after 24 hr in the pres- 
ence of anti-HRP antibody. 

Normal in vitro development of ChAT, AChE and 
1251-a-bungarotoxin binding 

As was initially demonstrated by Dewhurst and Seecof (1975; 
1979), primary dissociated cultures of gastrula-stage embryo 
cells acquire the ability to synthesize and hydrolyze ACh. We 
have extended these original observations to include additional, 
i.e., both longer and shorter culture times, and have also mea- 
sured levels of LZSI-cu-bungarotoxin binding. 

Figure 5 shows the results of the temporal expression of ACh- 
metabolizing enzymes and LZSI-cY-bungarotoxin binding sites un- 
der normal culture conditions. Values reported at times of less 
than 3.5 hr were determined in dechorionated, dissociated em- 
bryos that were not cultured. As can be seen in Figure 5a, protein 
undergoes a smooth, approximately linear increase for about 48 
hr, and then levels off. Expression of ChAT activity appears to 
be distinguished by several phases (Fig. 56). Initially no ChAT 
is detectable either in embryos or in the earliest culture assay 
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2 loo- Table 2. 
i 

3H-TdR incorporation into cultured Drosophila embryo cells 

B 
2 80- Time of pulse0 Labeled cells/total Cells labeled 
3 0-4 cells counted (%) 

‘0 60- 5-6 345136 1 95.6 5 0 
8-9 249/258 96.5 

g 40- 11-12 456/77 1 59.1 
c‘ 14-15 178/803 22.2 
2 20- 18-19 105/938 11.2 

G 
6 

y Duplicate cultures were pulse-labeled for 1 hr with 2 pCi of )H-TdR at the 
I indicated times. Cultures were washed and processed for as 

6 12 24 48 
radioautography, 

described in Materials and Methods. Positively labeled cells and total cells were 

TIME (hrs) counted for 5 representative culture fields, at a total magnification of 200 x . 

TIME (hrs) 

Figure 6. Comparison of the developmental time course for ChAT 
and AChE activity in culture (-) and in vivo (---). The specific 
activity of ChAT at 48 hr was 9.93 x lo-’ and 3.0 x lo-’ pmol min-I 
mg-1 for the cultures and in viva, respectively, and AChE activity was 
0.32 and 0.25 pmol min-’ mg-I for cultures and in vivo. 

time. After 5 hr, a small but significant amount of enzyme can 
be detected and the activity increases slowly until about 12 hr. 
After 12 hr there is a rapid logarithmic increase in ChAT ac- 
tivity, which plateaus at around 36-48 hr. 

In contrast to ChAT activity, AChE activity is initially de- 
tectable in the embryos and at all culture time points (Fig. 5~). 
In experiments using specific and nonspecific esterase inhibitors, 
we have determined that 3-hr-old embryos contain only 15% 
BW284C5 1 -inhibitable esterase activity. Thus the majority of 
activity measured at the earlier times (~5 hr) is most likely 
nonspecific esterase. After 18 hr, however, > 90% of the activity 
can be inhibited by 1 x 1O-6 M BW284C51 but not by 1 x 
10-6 M iso-OMPA, a nonspecific esterase inhibitor, and there- 
fore represents “true” AChE activity. The developmental time 
course for AChE expression shown in Figure 5c is similar to 
that of ChAT expression in that there is a period of low-level 
esterase expression followed by a logarithmically increasing pe- 
riod. The low-level expression appears before ChAT activity, 
but the logarithmically increasing period for AChE occurs at a 
somewhat later time than ChAT. 

1251~cr-bungarotoxin binding is shown in Figure 5d. Initially, 
12SI-cY-bungarotoxin can be detected at 4.5 hr and it increases 
linearly until about 24 hr. The levels of *251-a-bungarotoxin 
proved more variable than those of either ChAT or AChE, 
possibly because of the low levels of toxin-binding sites. 

The in vitro expression pattern of ChAT and AChE remains 
faithful to that seen in vivo with respect to both the temporal 

order of appearance and the time it takes to reach maximum 
levels. Figure 6 shows ChAT and AChE levels in culture, com- 
pared with the levels in intact organisms. It should be noted 
that both ChAT and AChE reach a higher specific activity in 
culture, than in intact organisms, which probably reflects the 
simplified cell types present in culture (i.e., less protein) com- 
pared to those in intact organisms. 

The AChE histochemical staining pattern is shown in Figure 
7. The staining is restricted to only some of the neuronal cells 
present in clusters. Myotubes and larger phase-granular cells are 
negative. Not all clusters of small, round cells are stained and 
not all cells within a cluster are stained. We estimate that about 
40% of the clusters in a culture are AChE-positive. The staining 
is evident in both the cell bodies and processes of positive cells. 
BW284C51 blocks all staining at a concentration of 1 x 1O-6 
M, while iso-OMPA has no effect. 

Efects of manipulating the culture environment on 
ChAT and AChE expression 
Two important questions raised by numerous studies of trans- 
mitter phenotype expression in vertebrates concern the relative 
importance of contributions by environmental factors and/or 
use-dependent feedback mechanisms. It has been amply dem- 
onstrated both in vivo and in vitro that the transmitter options 
available to a neuron can be specified and maintained by the 
position of the neuron within the developing embryo, as well 
as by factors produced by normal and/or abnormal target tissue 
(LeDourain et al., 1977; Patterson, 1978; Landis and Keefe, 
1983). We have thus attempted to perturb the normal expression 
patterns for ChAT and AChE in our embryonic gastrula-stage 
cell cultures by manipulating the culture environment. 

For our initial studies we chose drugs that are known in other 
systems to exert an effect on choline&. cells. Thus, d-tubocu- 
rarine (dTC) and scopolamine @COP) are generally regarded as 
nicotinic and muscarinic AChR blockers, while carbamylcho- 
line (CARB) is a nonhydrolyzable ACh analog and BW284C5 1 
is a potent and specific AChE inhibitor. Figure 8 shows the 
concentration-dependent effects of culturing cells for 48 hr in 
the presence of these cholinoactive agents. Both ChAT and AChE 
activity are decreased under these conditions; however, ChAT 
activity appears to undergo a greater reduction than AChE. The 
effects of all drugs are due to chronic exposure of the cultured 
cells, rather than to acute inhibitory effects (with the exception 
of the BW284C51 effect on AChE activity), since the enzyme 
activity in control experiments, where the indicated concentra- 
tion of drug was added immediately before washing and har- 
vesting the cells, did not differ from that in cultures where no 
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Figure 7. Histochemical stain for AChE. A 48 hr culture was fixed in paraformaldehyde and stained for AChE activity as described. a, Phase- 
contrast micrograph showing the various cell types present in the culture at this stage. b, Bright-field photomicrograph of the same field shown in 
II. Myotubes (M) and large phase-granular cells (G) are unstained. In neuronal clusters, some show staining in all cells (s), while others show no 
staining (N) or only partial staining (P). Scale bar, 20 pm. 

drug was added. In addition, none of the drugs altered protein 
concentration, lactate dehydrogenase activity, or the normal 
morphological appearance of the cultures, thus ruling out a gen- 
eral cell-toxic effect for these agents. 

It was of interest to see if these cholinoactive drug effects were 
more apparent during the earlier phase of logarithmically in- 
creasing enzyme activity or at later culture times, when enzyme 
activities begin to reach their maximum levels. Figure 9 shows 
that the decreased ChAT activity is clearly more dramatic after 
48 hr. In a number of experiments in which the drugs were 
present only during the 2448 hr period, more normal enzyme 

activity was observed (data not shown). Likewise, when drugs 
were added for only the first 24 hr period, normal enzyme ac- 
tivity was observed after 48 hr. It thus seems that there may be 
a critical developmental time of exposure to the drugs, as well 
as a necessity to maintain the cultures in the presence of drugs, 
in order to see a decrease in enzyme expression. 

Although the physiology of Drosophila cholinergic receptors 
is not known, it is likely, on the basis of binding studies, that 
they contain both nicotinic and muscarinic receptor types (Du- 
dai and Ben-Barak, 1977; Salvaterra and Foders, 1979). The 
decrease in ChAT activity seen after exposing cultures to both 
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dTC, a nicotinic blocker, and SCOP, a muscarinic ligand, is not 
appreciably greater than when either drug is present alone (Fig. 
9); thus the effects of blocking both subtypes of AChR do not 
seem to be additive with respect to decreased ChAT levels. 

The most dramatic effect we have observed on the normal in 
vitro expression pattern of ChAT and AChE took place after 
culturing the cells in the presence of conditioned medium taken 
from older cultures. Figure 10 shows a dose-dependent decrease 
in the expression of both enzymes after 24 and 48 hr of culture 
in medium collected from 7-d-old embryo cultures. The expres- 
sion of ChAT is affected to a greater degree than that of AChE. 
AChE activity also seems to decrease significantly more after 
48 hr of culture in conditioned medium as compared to 24- 
hr-cultures. The effects of conditioned medium seem to be rel- 
atively specific for the expression of ChAT and AChE, since we 
have observed no significant change in the appearance of the 
cells, lactate dehydrogenase (LDH) activity, or protein levels at 
concentrations of up to 15% conditioned medium. At 20% con- 
ditioned medium, however, some toxic effects may be present, 
since the protein levels attained by the cultures after 48 hr are 
reduced by about 30%. 

The decreased expression of ChAT and AChE activity can be 
detected in medium conditioned for only 24 hr, and seems to 
attain maximum effectiveness after 48 hr, as is shown in Figure 
11. Also, the responsible factor(s) must accumulate during a 48 

100 

20 

ChAT 
- 24 hr 

m 48 hr 

dTC SCOP dTC CARB BW dTC SCOP dTC CARB BW 

SCOP SCOP 

SCOP CARB BW 

hr culture period, since I ne :dia harvested from cells between 24 
and 48 hr have an intermediate effect compared to 24 and 48 
hr media (Fig. 11). The ability of conditioned medium to de- 
crease cholinergic enzyme activity is stable when medium is 
stored at - 90°C for at least several months. We have also tested 
media conditioned from Oregon R and Schneider’s Drosophila 
cell lines (which do not express any ChAT) and have not ob- 
served any decreased ChAT or AChE expression. 

F&we 8. The dose-resnonse effect of 
chelinergic drugs on the-expression of 
ChAT and AChE in 48 hr embryo 
cultures. Drugs were added to fresh 
embryo cultures in the concentrations 
indicated following a 30 min attach- 
ment period. Values represent the 
means f SEM for triplicate assays. 
Drugs: dTC, d-tubocurarine; SC6P, 
scovolamine, CARB carbamylcholine: 
Bti284C5 1: 

Discussion 
Early gastrula-stage Drosophila embryo cells, which divide in 
culture, incorporate )H-TdR and differentiate into a relatively 
simplified collection of recognizable cell types, including neu- 
rons. The neuronal cells, as well as their precursors, express a 
molecule characteristic of embryonic and mature Drosophila 
neurons in vivo (Jan and Jan, 1982). 

These neuronal-type cells are present in at least 2 distinct 
arrangements: closely associated with one another in clusters of 
small, round cells or in a more isolated state (l-4 cells). The 
clustered cells are reminiscent of the ventral nervous system 
ganglion cell arrangement described for in vivo nervous system 
development (Hartenstein and Campos-Ortega, 1984). Zn vivo, 
each ganglion cell in the ventral nervous system is thought to 
arise from a single large neuroblast that has undergone a series 
of 9 unequal cell divisions, followed by 1 terminal division of 

T AChE 

Figure 9. Time dependence of de- 
creased enzyme expression following 
exposure to cholinergic drugs. All drugs 
were added to fresh cultures, following 
a 30 min cell attachment period, at a 
concentration of 1 x 10m5 M except 
CARB (1 x 1 OE-4 M). Cells were cul- 
tured for up to 24 or 48 hr, harvested, 
and assayed for enzyme activity as de- 
scribed. Values represent the mean of 
triplicate assays k SEM. Abbreviations, 
as in legend to Figure 8. dTC + SCOP 
indicates that the 2 drugs were added 
together. 
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Figure 10. Concentration dependence of conditioned medium in re- 
ducing ChAT and AChE activity. Conditioned medium was harvested 
from 7-d-old embryo cell cultures mixed with fresh medium at the 
concentrations indicated and used to prepare fresh embryo cultures. 
After 24 or 48 hr, the cells were harvested and assayed in triplicate. 
Values represent the mean + SEM. 

the daughter cells. This pattern of cell division results in 18 cell 
neuron clusters that are thus clonally related. It is difficult to 
count precisely the number of cells present in an in vitro cluster, 
owing to its 3-dimensional arrangement. However, the size of 
most of the clusters we observe can be calculated as containing 
16-20 cells and thus may also be descended from a single neu- 
roblast and be clonally related. The more isolated neuronal-type 
cells could perhaps arise from midline precursor cells or ganglion 
mother cells, which have fewer rounds of cell division in vivo 
(Poulson, 1950; Hartenstein and Campos-Ortega, 1984). Furst 
and Mahowald (1985b) have recently analyzed the in vitro cell 
division patterns of Drosophila neuroblasts and present direct 
evidence for the clonal nature of the cells in neuron clusters; 
they have also noted a relationship between initial neuroblast 
size and the resulting number of neurons in a cluster. 

No functional significance has yet been ascribed to the HRP- 
like antigen expressed by insect neurons, and we have observed 
no perturbation of the in vitro morphological differentiation 
when cells are cultured in the presence of a large excess of anti- 
HRP antibody. It is thus likely that at least the antigenic de- 
terminant(s) recognized by the antibody do not have important 
regulatory role(s) for neuronal differentiation. In the original 
article describing the in vivo appearance of HRP-like antigen 
(Jan and Jan, 1982), no neuroblast cells were positive. In cul- 
tured cells, we have observed positive staining of large “neu- 
roblast-like” cells at early culture times (5 hr), when no neurons 
are present. Since nearly all cells are capable of incorporating 
3H-TdR at this stage, it is likely that we can use the antibody 
to identify a population of mitotically competent neuronal pre- 
cursor cells. It may be that we are able to observe HRP-positive 
“neuroblast-like” cells at this early stage, in contrast to in vivo, 
because the antigenic sites are expressed at higher concentrations 
or in a less restricted conformation in vitro. These large “neu- 
roblast-like” HRP-positive cells may be equivalent to the class 
III cells recently isolated by Furst and Mahowald (1985a), and 
which were observed to differentiate into clustered neurons in 
vitro. 

Fluorescent anti-HRP antibody staining also provides an ex- 
cellent means of observing the fine process growth at early cul- 
ture stages, when the processes are not clearly visible by phase- 
contrast microscopy. We can clearly observe the first contacts 
of adjacent neuronal clusters at around 10 hr in our cultures. 

I ChAT 

I- 2 60 

$ 40 

8 
20 

24hr 48hr 72hr 24-48hr 

CONDITIONING PERIOD 

Figure I I. Effect of the conditioning period on the ability of condi- 
tioned medium to reduce ChAT and AChE activity. Medium was con- 
ditioned by embryo cultures for the times indicated, harvested, and 
added to fresh cultures at a concentration of 10%. Cells were grown to 
48 hr, harvested, and assayed in triplicate. Values represent the mean f 
SEM. 

This is also about the time when synaptogenesis is thought to 
begin in intact embryos (Campos-Ortega, 1982). 

In vivo Drosophila neuroblasts that form the ventral nervous 
system have recently been described as segregating from other 
ectodermal derivatives and producing ganglion cells in at least 
3 overlapping phases (Hartenstein and Campos-Ortega, 1984). 
It is also known that imaginal neuroblasts are produced during 
embryogenesis (Campos-Ortega, 1982) and that other neurons 
arise from midline precursor cells (Thomas et al., 1984). We 
have no way at present of identifying the precise origin of our 
neuronal precursor cells; however, we do see an extended pattern 
of neuronal DNA synthesis in vitro. Some neuronal clusters can 
be labeled with 3H-TdR when the cells are pulsed as late as at 
17-18 hr. 

One curious feature about the in vitro development of these 
gastrula-stage cells is the relatively simplified collection of cell 
types that differentiate. This may be due to a number of factors, 
including selective cell survival under culture conditions. In this 
regard, it should be mentioned that the majority of embryo cells 
plated survive. Also, the mitotic activity appears rather high 
initially, and we don’t observe any massive cell death during 
later culture times. It may thus be more likely that our culture 
conditions favor the differentiation of neurons and muscle cells 
rather than of other cell types. Many mutations in genes in- 
volved in neurogenesis of the ventral nervous system result in 
an overproduction of neurons at the expense of other ectodermal 
derivatives (Campos-Ortega, 1982). It may be possible that our 
culture conditions mimic the phenotype of these mutants by 
diluting out a factor necessary to direct the differentation of 
non-neuronal ectodermal cell types. Seecof (1977) has proposed 
that neurons and muscle cells are among the earliest cell types 
determined in Drosophila, and thus the other cell types may not 
receive the appropriate differentiation stimulus in culture. It 
should also be noted, however, that neuronal and muscle cell 
precursors are among the few mitotically active cell types in 
Drosophila after completion of gastrulation. 

In in vivo studies of insect neuronal differentiation, one strik- 
ing feature that has been studied intensively is the precise stereo- 
typical growth of axons (Thomas et al., 1984). In dissociated 
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cell cultures, it is unlikely that all the factors responsible for 
normal axon guidance are present; however, some of the pro- 
posed mechanisms responsible for precise axon guidance in vivo 
may also be present in cultures. The pattern of neuronal process 
elaboration in vitro often shows neuronal process growth along 
myotube surfaces. These processes terminate on other neuron 
clusters, rather than on myotubes. In addition, the processes 
emanating from clusters of neurons usually appear thicker than 
those from individual or paired neuronal cells, perhaps indi- 
cating a bundling of individual fibers, as seen in vivo. Some 
neuronal cell processes also appear to exhibit a rather tortuous 
pattern of growth, bypassing nearby cells for more distant part- 
ners. 

In addition to the normal programs of cell division and HRP- 
like antigen expression, dissociated Drosophila gastrula-stage 
embryo cell cultures seem to express a similar chemical differ- 
entiation pattern in vivo and in vitro for 2 important neurotrans- 
mitter-metabolizing enzymes (ChAT and AChE). This feature 
of culture differentiation may seem surprising at first, since the 
dissociated cells are in a radically different environment in vitro. 
Perhaps insect cells merely unfold a genetically predetermined 
differentiation program without any reference to environmental 
cues. This possibility seems unlikely, however, in view of our 
results when the culture environment is altered with “choli- 
noactive” drugs or conditioned medium. In addition, Seecof 
and Dewhurst (1974) have shown that addition of insulin to the 
culture media is a requirement for differentiation to proceed. It 
thus seems likely that differentiating Drosophila embryo cells 
not only respond creatively to environmental stimuli, but may 
also recognize some of the same chemical agents that normally 
function in vertebrates. 

It is now generally believed that soluble factors produced by 
normal or experimentally tested target cells are of prime im- 
portance in specifying the neurons’ initial “decision” with re- 
spect to transmitter phenotype, both in vivo and in vitro (Pat- 
terson and Chun, 1974; Black et al., 1984). In addition, these 
factors have also been implicated in later stages of neuron de- 
velopment when the transmitter phenotype has been observed 
to undergo plastic changes (Patterson, 1978; Black et al., 1984). 
Perhaps the decreased expression of ChAT observed following 
the addition of cholinoactive drugs is accompanied by a cor- 
responding increase in some other neurotransmitter phenotype, 
since the cultures appear healthy and have approximately the 
same number of morphologically differentiated neurons. All of 
the cholinergic drugs we have tested could exert a common effect 
by virtue of their ability to block cholinergic transmission. This 
blocking effect could result from direct receptor blockade (i.e., 
via dTC, SCOP) or indirect receptor blocking through a desen- 
sitization mechanism (i.e., CARB, BW284C51). If the cholin- 
ergic receptors of target cells are indeed blocked under our chronic 
drug-exposure conditions, then the potential choline& neuron 
may not be getting a proper feedback signal, which would allow 
full expression of the ChAT gene. Many investigations have 
shown a profound effect of use-dependent modifications on var- 
ious neuronal processes. We are now testing a number of other 
neuroactive drugs, such as channel and uptake blockers, for their 
ability to perturb the normal expression of ChAT and AChE, 
in the hope of defining the neurobiological mechanism under- 
lying decreased ChAT and AChE expression. 

Alternative transmitter phenotypes may also be selected when 
the cultures are exposed to conditioned medium. It is possible 
that ACh is one of the first neurotransmitters selected, since the 

levels of ChAT activity increase rapidly at about the time that 
clustered neuronal cells in our cultures send out processes that 
contact adjacent clusters. The factor or factors that allow selec- 
tion of other transmitter phenotypes may thus be present in 
greater concentration in older cultures and influence undecided 
neurons to select a noncholinergic phenotype. We have not yet 
examined this possibility directly, since it is difficult to deter- 
mine what “other” neurotransmitter phenotypes to assay. It 
should be mentioned, however, that the cultures make a number 
of other putative neurotransmitters, including histamine, do- 
pamine, and serotonin (Salvaterra and McCaman, unpublished 
observations). 

Most other studies that have assessed the neurotransmitter 
phenotype of cultured neurons after exposure to conditioned 
media have added media conditioned by target cells. In our 
experiments it is impossible to separate the neurons from their 
targets, since they seem to be contacting one another. The recent 
demonstration by Furst and Mahowald (1985a, b) of a centrif- 
ugal elutriation procedure for preparing pure neuronal cultures 
will perhaps be useful, at least in simplifying the cell types used 
to condition media. It will also be essential, in order to com- 
pletely define the media we now use, to eliminate serum to arrive 
at a better understanding of the chemical nature of the factors 
necessary to permit neuronal differentiation from primary gas- 
trula-stage embryo cells. 

In summary, we have presented evidence for the operation 
of normal cell-division cycles, HRP-like antigen expression, and 
the developmental program for ChAT and AChE gene expres- 
sion in in vitro cultures of Drosophila early gastrula-stage em- 
bryo cells. This program for transmitter-metabolizing enzymes 
is not unalterably fixed, but can be modified by culturing the 
differentiating cells in the presence of a number of cholinoactive 
drugs or conditioned media. The genes for both of these neu- 
rotransmitter-metabolizing macromolecules have been mapped 
in Drosophila, and several mutant alleles are available (Green- 
span, 1980; Greenspan et al., 1980). We have recently obtained 
a ChAT cDNA clone (Itoh et al., 1986) from Drosophila, and 
it will now be possible to examine its expression pattern in more 
detail at the transcriptional level using cultured embryo cells 
from wild-type, as well as mutant, embryos (Seecof, 1977). By 
combining the considerable genetic advantages of Drosophila 
with in vitro techniques, it should be possible to experimentally 
attack the problems presented by the complex interaction of the 
environment and genes during development. 
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