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Abstract

A primary dissociated cell culture of Drosophila larval central nervous system is reported. Divisions
of neuroblasts and vigorous outgrowth of neurites could be observed in culture. Within 24 hr cultured
cells exhibited characteristic neuronal morphology and unimpaired ability to synthesize and accu-
mulate acetylcholine. This cell culture system renders easy access to experimental analysis of normal
neuronal properties and the altered mechanisms in neurological mutants. Single-channel currents
induced by acetylcholine and regenerative action potentials were studied in the somata of the
dissociated neurons. The appearance of Na channels in these cultured neurons was demonstrated
by the cell lethality induced by veratridine and inhibition of the effect by tetrodotoxin. Dissociated
neurons from a temperature-sensitive paralytic mutant nap®, in which nerve conduction fails at
high temperature, were studied in culture. Neuronal growth was not affected by this mutation, nor
by tetrodotoxin, However, nap® neurons showed greatly reduced sensitivity to veratridine even at
21°C, a temperature at which nap” individuals behave normally. This finding indicates expression
of the nap” phenotype at a level of isolated single cells and provides independent evidence that

nap” affects Na channel function.

Single-gene mutations can produce specific effects on
the nervous system (Benzer, 1973; Pak and Pinto, 1976).
In the fruitfly, Drosophila melanogaster, there are avail-
able a number of behavioral mutants with altered neu-
ronal physiology (Tkeda et al., 1976; Siddigi and Benzer,
1976; Jan et al., 1977; Jan and Jan, 1978; Wu et al., 1978;
Ganetzky and Wu, 1982a) or morphology (Heisenberg et
al., 1978). Analysis of the nervous systems of these
mutants at a cellular level can lead to new insights into
mechanisms underlying neuronal development and func-
tions.

In vitro cell culture systems allow continuous obser-
vations on isolated cells under experimental manipula-
tions and are ideal for characterizing the normal neu-
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ronal properties and probing the altered mechanisms in
different mutants. However, existing Drosophila primary
embryonic cultures prepared from the whole embryo are
highly heterogeneous, containing many other cell types
in addition to neurons (Seecof and Unanue, 1968; Shields
and Sang, 1970; Schneider and Blumenthal, 1978). Cer-
tain embryonic cell lines exhibiting morphology of neu-
rons have been reported, although their developmental
origins and physiological properties are not known
(Cherbas et al.,, 1980). Therefore, it is desirable to
establish a culture system of dissociated neurons from
the nervous tissue of a postembryonic stage so that
comparison can be made with previous in situ neurophy-
siological and biochemical studies. However, earlier at-
tempts to culture tissue from Drosophila larvae or adults
have attained little success (Sang, 1981).

We report here a primary culture of dissociated neu-
rons of the central nervous system (CNS) of Drosophila
third instar larvae, in which the CNS undergoes vigorous
development (White and Kankel, 1978). The procedure
was relatively simple, requiring only a few brains and/or
ganglia for each experiment. The cultures contained
mainly neurons and neuroblasts, which underwent divi-
sion to yield differentiated neurons in vitro.

This culture system made the relatively small Droso-
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phila neurons more accessible and may be suitable for
the analysis of neuronal properties in different mutants
with a variety of experimental techniques. We found that
this system can be used in physiological, biochemical,
and pharmacological experiments to gain the base line
information of Drosophila CNS neurons that is otherwise
difficult to obtain. It has been suggested that acetylcho-
line (ACh) is a major neurotransmitter in the CNS of
Drosophila (Hall and Greenspan, 1979). Therefore, the
ability of the cultured neurons to synthesize and accu-
mulate ACh was determined. In addition, the presence
of functional ACh channels in the Drosophila CNS was
indicated because ACh-induced single-channel currents

could be readily recorded from the dissociated cells in-

culture. Ionic mechanisms of Drosophila CNS neurons
have not been reported. Intracellular recording from
somata indicated the presence of Ca channels in these
dissociated neurons. We further demonstrated that cul-
tured Drosophila neurons were sensitive to veratridine, a
specific Na channel activator (Catterall, 1980) and that
the cell-lethal effect of veratridine could be inhibited by
the specific Na channel blocker tetrodotoxin (TTX).

A temperature-sensitive paralytic mutant nap® (Wu et
al., 1978), in which nerve conduction fails at 34°C, was
further studied by using this culture system. The effect
of nap® mutation on neuronal growth was examined. To
investigate the suggestion that nap® affects Na channels
(Wu and Ganetzky, 1980), we examined the possibility
that nap® neurons show altered reaction to veratridine.
A preliminary account of part of this work has been
reported previously (Wu et al., 1981).

Materials and Methods

Preparation of culture media. A revised Schneider me-
dium (Schneider, 1964) from Grand Island Biological Co.
(GIBCO; Grand Island, NY) was used in most experi-
ments. In initial experiments, a medium (modified Dro-
sophila medium) was constructed from a mixture of 27%
L-15 (Leibovitz) medium (GIBCO) and 73% of a saline
whose salt composition was similar to that of Schneider
medium (5.4 mM CaCl,, 21.4 mMm KCl, 12.3 mMm MgCl,,
36.0 mM NaCl, 4.8 mM NaHCO;, 1.5 mm KH,PO,, 11.1
mM glucose, and 24.8 mM Tris, pH 7.1). The culture
media were supplemented with heat-inactivated (56°C,
30 min) fetal bovine serum (10%), penicillin G (50 units/
ml), and streptomycin sulfate (50 wg/ml), all obtained
from GIBCO.

Preparation of cell culture. Mature third instar larvae
of wild-type (Canton-S) or nap® (Wu et al., 1978) Dro-
sophila melanogaster were used. Before dissection, larvae
were surface-sterilized by brief immersion in 70% ethyl
alcohol and then rinsed three times with sterile distilled
water. The brain and ventral ganglion were dissected
from larvae in tissue culture medium, and segmental
nerves, imaginal discs, and other tissues were removed.

The procedure for obtaining dissociated cell suspen-
sions from the brains and ganglia was similar to that
described by Moscona (1961) for the avian primary dis-
sociated cell culture. After rinsing, the brains and ganglia
were first torn into small fragments in the culture me-
dium with fine dissecting needles and then incubated for
1 hr in a saline similar to Rinaldini’s (Schneider and
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Blumenthal, 1978) Ca?*- and Mg®*-free solution (800 mg
of NaCl, 20 mg of KCl, 5 mg of NaH,PO,-H-0, 100 mg
of NaHCO;, and 100 mg of glucose, in 100 ml of distilled
water) containing 0.1 to 0.5 mg/ml of collagenase (type
I, Sigma Chemical Co., St. Louis, MO). The fragments
were rinsed three times with culture medium supple-
mented with 10% fetal bovine serum and then dispersed
into single cells in the same medium by repeatedly flush-
ing through a siliconized glass pipette.

To obtain monolayer cultures, 80 to 200 ul of cell
suspension were added into a plastic Petri dish contain-
ing 1 ml of culture medium or directly onto round glass
coverslips (10 to 20 mm diameter) in dry Petri dishes to
form minicultures confined by surface tension of me-
dium. The coverslips and the Petri dishes were precoated
with poly-L-lysine (M, ~10,000; Sigma). Cultures with
densities ranging from 0.5 to 5 X 10* cells/cm® were
incubated in air atmosphere at room temperature. To
minimize the problem of evaporation, drops of additional
culture medium in separation from the minicultures were
added in the Petri dish, and the dish was covered and
kept in a moist chamber. Dissociation of the brain and
ganglion of a single larva yielded about 10° single cells
in suspension as determined with a microhemocytome-
ter. Within 2 hr cells in suspension adhered to the dish
or cover glass. The fraction of all single cells in suspen-
sion that adhered and formed the monolayer culture was
20% or more.

Morphology of the cultured cells was studied with
phase contrast or Nomarski optics. To conduct dye ex-
clusion tests for cell viability, cultured neurons were
stained with 0.04% erythrosine B for 5 min according to
the procedure previously described (Phillips and Terry-
berry, 1957; Phillips and Andrews, 1959), with the omis-
sion of using trypsin to detach the cells from the culture
dish. The cell morphology remained intact after staining
and subsequent rinsing in Drosophila physiological saline
(see below). The differential staining of nonviable cells
could be readily scored with bright-field optics.

For pharmacological experiments, stock solutions of
purified veratridine (Sigma; 3 mM in Schneider medium)
or TTX (Calbiochem; 0.5 uM to 5 mM in distilled water)
were added to culture medium to achieve the concentra-
tions specified in each experiment. These toxins were of
the same grade as those used by previous investigators
(West and Catterall, 1979). In experiments of Figures 5,
9, and 10, cell counts included only neurons with neurites
longer than 5 um, which could be reliably resolved. To
reduce the possible complications introduced by inter-
actions between viable and nonviable cells, cells in ag-
gregates were excluded from the scoring. In each exper-
iment, cells in a fixed area (3.3 mm?®) demarcated by
grids on the culture dish were scored over a time span of
7 days. To determine the rate of neurite growth, random
samples of neurons (with neurite > 5 pym) in cultures of
various ages were photographed and the length of the
longest primary process of each cell was determined on
photographs. Approximately equal numbers of type II
and type III cells were included in each sample. Proce-
dures in this study were performed at room temperature
(21 to 23°C) unless stated otherwise.

Electrophysiological methods. Intracellular records
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were obtained from cells plated on the cover glass. After
completion of dissociation, plating, and incubation, the
cover glass with cells was transferred to a glass-bottomed
chamber containing about 1 ml of a Drosophila physio-
logical saline (Jan and Jan, 1976) of the following com-
position: 128.0 mM NaCl, 2.0 mM KCl, 4.0 mm MgCl,,
1.8 mM CaCl,, 35.5 mM sucrose, and 5.0 mM HEPES
(pH 7.1). SrCl, or BaCl; (5 to 10 mM) was sometimes
added to the saline to produce Sr or Ba action potentials.
No adjustment was made for the small osmolarity change
introduced by the additional ions. The cells on the cover
glass were visualized with an “upright” compound micro-
scope equipped with Nomarski optics (X 40 water im-
mersion objective and X 10 ocular lens; Carl Zeiss, Inc.,
Thornwood, NY). The microscope and the micromani-
pulator (E. Licht Co., Denver, CO) for positioning the
microelectrode were mounted on a pneumatic anti-vibra-
tion table (Micro-g; Technical Manufacturing Corp.,
Woburn, MA). Fine glass microelectrodes were pulled by
a Brown-Flaming type puller (Sutter Instrument Co.,
San Francisco, CA) and had a resistance of 50 to 100
megohms when filled with 2 M KCl. The recording elec-
trode was also used to pass polarizing current (< 0.1 nA).
The potential drop due to the microelectrode resistance
was balanced out by a bridge circuit in the high input-
impedence electrometer (M-707; W-P Instruments, Inc.,
New Haven, CT). Signals were then displayed on a
storage oscilloscope and photographed.

Extracellular patch clamp recordings were performed
in a glass-bottomed chamber containing physiological
saline. The patch clamp circuit and recording methods
were the same as described by Hamill et al. (1981). The
experimental setup was similar to that used in the intra-
cellular recordings described above. The major differ-
ences included the use of a long working distance objec-
tive (UD 40, Carl Zeiss) and a hydraulic microdrive
(Narishige, Tokyo, Japan) to manipulate the patch mi-
cropipette. The micropipettes were fire polished to
achieve an opening of 1 um and filled with the physio-
logical saline with (or without) the addition of 100 nM
ACh. The pipette resistance was 5 to 10 megohms. The
resistance increased up to 10 gigohms when the opening
was sealed by the cell membrane. The preparation was
cooled to 15°C by a Peltier junction microscope stage to
slow down the ion channel kinetics. Signals were filtered
at 1 kHz.

Measurements of synthesis and accumulation of [*H]
ACh. Dissociated cells growing on a cover glass (9 mm
diameter) were incubated at 21°C for 1 hr in 50 gl of
medium containing 1.3 uM [*H]choline (77 Ci/mmol,
Amersham/Searle, Arlington Heights, IL). After incu-
bation, the cultures were rinsed three times (for 30 sec
each time) in culture medium. [*H]JACh and other me-
tabolites accumulated in cultured cells were then ex-
tracted and subjected to high-voltage electrophoresis and
scintillation counting according to the procedure previ-
ously described by Hildebrand et al. (1971) and Auerbach
and Barker (1981). The same procedure has been used
in a study of [*H]choline metabolism in the intact CNS
of Drosophila larvae (Wu et al., 1983).
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Results

Primary dissociated cell culture. There has been no
previous report on cell culture of postembryonic neurons
of Drosophila. To examine the possibility of establishing
a culture system of Drosophila CNS neurons, the brain
and ventral ganglion of third instar larvae were disso-
ciated and grown in culture medium.

Immediately after completion of plating, more than
30% of the dissociated cells were found to have axon-like
processes with growth cones. After 24 hr, a large propor-
tion (> 60%) of cells exhibited one or more processes
with extensive branching (Fig. 1) and, apparently, even-
tually formed contacts with other cells (Fig. 2). Cultures
have been routinely maintained for more than a week
(Fig. 2). Some cultures survived for up to 40 days without
replating. We found that the modified Drosophila me-
dium and Schneider medium gave qualitatively similar
results.

Since the cultures contained various cell types that are
present in the larval CNS, their morphology and growth
in culture were characterized. Immediately after plating,
cells of different sizes and morphology were observed
and could be conveniently divided into three categories
according to size. Figure 3 shows the range of variation
encountered in cultures. Type I consisted of large (> 8
pm) neuroblast-like cells which comprised < 10% of the
total population and were usually accompanied by
smaller cells (Fig. 3, a to ¢). Type II cells comprised the
largest population (30 to 40%) in the culture. They were
small, relatively uniform in size (2 to 3 um), and fre-
quently had processes (< 20 um) (Fig. 3, d to f). The type
III cells (20 to 30%) had an oval or spindle-shaped cell
body of intermediate size (4 to 10 um), which frequently
exhibited thick and short axon-like processes (Fig. 3, g
to 1). The remaining (20 to 30%) were mostly spherical
cells of varying sizes, which did not have processes (Figs.
3, g and h, and 4, ¢ and e, arrows). Surprisingly, cells
such as fibroblasts or glia that did not fall into the above
categories were rarely encountered (< 1%) in cultures.

Dynamics of different cell populations. To study the
developmental relations among the cell types, cultures
were subject to time lapse observations. Many type [
cells were found to undergo asymmetric divisions typical
of neuroblasts (Nordlander and Edwards, 1969; White
and Kankel, 1978), giving rise to small accompanying
cells which usually initiated neurite outgrowth within 24
hr (Fig. 4) and assumed morphology resembling type II
cells. After 1 to 2 days in culture, they had complex
morphology similar to that shown in Figs. 1, ¢ and d, and
2, a and c¢. Freshly dissociated cells have also been con-
tinuously observed with Nomarski optics during patch
clamp recordings (see “Materials and Methods”). On
many occasions, cell divisions in progress were sighted.
Morphological changes of type I cells resulting from
cytokinesis could be detected over a brief period (< 10
min). Type III cells differentiated into either monopolar
or multipolar cells (for example, see Figs. 1, ¢ and b, and
2b, arrows), which sent out thicker neurites with more
profuse branching patterns than those of type II cells.
The possible developmental relationship between type 1
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Figure 1. Single neurons dissociated from the CNS of mature third instar larvae. Twenty-four-hour culture. Phase contrast.

and type III cells has not been carefully studied. Time
lapse observations indicated that neuritic contacts
formed among neurons of either type II or III or between
these two types (Fig. 2b). Whether functional synapses
were established at these contacts remains to be exam-
ined.

The origin of spherical cells was revealed by time lapse
studies of survival of the various cell types in culture.
Degenerating neuroblasts and neurons (type II and III)
first became spherical cells of different sizes (Figs. 3, g
and h, and 4, ¢ and e, arrows) and finally detached from
the culture dish in 1 to 2 days. Erythrosine B (0.04%)
was employed to test cell viability because it differen-
tially stains nonviable cells (Phillip and Terryberry,
1957). In cultures of different ages (1 to 7 days), we found
that the majority of spherical cells were stained, whereas
neurons with neurites remained unstained. Despite the
fact that spherical cells detached from the culture dish
within 2 days, the relative density of the spherical cells
was rather constant (20 to 30%) in cultures of different
ages. This is the expected result if the culture has random
cell death at a constant rate.
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The change in densities of putative neurons (type II
and III cells with neurites > 5 um) with increasing culture
age was quantified in time lapse studies. Figure 5 shows
the relative density of these cells at various ages as
fraction of the density at initiation of the culture. The
density of neurons declined to about 50% in 7 days.* The
density of viable type I cells decreased with age and they
were less frequently observed in cultures older than 3
days. The average neurite length was found to increase
with culture age (Fig. 5). Although there was a large
variation in the neurite length of neurons in the same
culture, it can be seen that the mean neurite length
increased rapidly in the first 2 days and reached a steady
state thereafter.” Therefore, cultures entering a steady
state (at age of 3 or 4 days) may be employed in morpho-
logical studies of alterations induced by different factors
such as pharmacological agents (see below).

* No significant change was found in the relative ratio of type II to
type III cells in cultures of different ages.

% No significant difference between the neurite length of type Il and
type III cells was observed.
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20pm

Figure 2. Formation of networks of neurites among cultured neurons. a, Three-day culture; b and ¢, 9-day cultures; d, neuronal
aggregate, 11-day culture. Arrows in b indicate the somata of large multipolar neurons. Nomarski optics (a) and phase contrast
(b, ¢, and d, same magnification).

Figure 3. Examples of type I (a, b, and ¢), type Il (d, e, and f), and type I1I (g,
h, and i) cells in cultures immediately after completion of plating. Spherical cells
are indicated by arrows. Phase contrast.
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Figure 4. Time lapse observations of neuroblasts undergoing
asymmetric division. a to ¢, A series of photographs of a
neuroblast taken at 1, 21, and 46 hr, respectively, after initiation
of culture. d to f, Another series of a different neuroblast at 2,
12, and 28 hr, respectively. The number of daughter cells
increased from 4 in a to 8 in b and from 4 in d to 7 in e (some
were not in focus). Note also the initiation of neurite outgrowth
(c and f, asterisks). Arrows indicate spherical cells. Phase con-
trast.

The identification of non-neuronal cells in the culture
can not be absolutely certain until other specific tests
are performed. However, viable cells which did not fall
into the categories described above and which showed
distinct fibroblast or glial morphology (Shields and Sang,
1970; Strausfeld, 1976; Sang, 1981) remained rare (< 1%)
throughout the culture life. The above results suggest
that the great majority of viable cells in this culture
system are neurons by morphological criteria. Disso-
ciated neurons obtained from several neurological mu-
tants (Siddigi and Benzer, 1976; Jan et al., 1977; Wu et
al., 1978) have been grown in culture and have shown
similar results. In order to study the primary defects in
these mutants, the following electrophysiological, bio-
chemical, and pharmacological experiments were per-
formed to gain basic information about CNS neurons of
Drosophila.

ACh accumulation and ACh-induced single-channel
currents. ACh has been indicated to be a major trans-
mitter in the CNS of Drosophila (Hall and Greenspan,
1979). High efficiency of ACh synthesis from choline has
been shown in intact larval and adult CNS of Drosophila,
whereas no synthesis has been found in other tissues
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(Wu et al., 1983). Thus we examined whether the disso-
ciated neurons retained the ability to synthesize and
accumulate ACh.

After incubation in [*H]choline for 1 hr, the disso-
ciated cells in 24-hr cultures synthesized and accumu-
lated [*H]JACh with an efficiency comparable to that of
the intact larval CNS (cf. Wu et al., 1983). Figure 6
compares the results obtained from the intact CNS of
two larvae and from dissociated cells from the same
amount of nerve tissue. The results suggest the presence
of a large population of differentiated cholinergic neu-
rons in the culture as in situ.

High density of putative ACh receptors has been dem-
onstrated in the adult CNS of Drosophila (Hall and Teng,
1975: Dudai, 1977; Schmidt-Nielsen et al., 1977). How-
ever, no physiological recordings of ACh-induced re-
sponses have been reported in Drosophila. Dissociated
neurons in culture provide clean membrane surfaces for
patch clamp recordings of single-channel currents.
Larger cells in this culture system reached a dimension
(= 10 pm) suitable for the extracellular patch recording
(Tanouye and Wu, 1982). Without application of suction,
high seal resistance (up to 10 gigohms) could occur
spontaneously when the electrode tip touched the cell
membrane.

In 4-hr cultures, single-channel currents could be re-
corded from large type III cells with a patch electrode
filled with saline containing 100 nM ACh (Fig. 7), but
not with an electrode without ACh. These currents per-
sisted when the electrode contained 3 uM TTX and 25
mM tetraethylammonium (TEA) in addition to ACh. The
potential inside the patch electrode was held at various
levels (from —80 to 40 mV), but the resting membrane
potential was not known. In 16 different single channels
recorded, the mean channel open time was from about 2
to 3.5 msec. The current amplitude was about 0.7 to 2
pA in outward direction when the membrane potential
of the patches was held at 80 mV positive to the resting
potential, and it became about 0.4 to 1 pA in inward
direction when the membrane was held at 40 mV negative
to the resting potential. The voltage dependence of the
single channel currents was roughly linear, giving a single
channel conductance of approximately 9 to 25 pS in the
voltage range tested. A detailed report of the properties
of these single channel currents is in preparation.

Electrical excitability. Intracellular recording of Dro-
sophila neurons in situ is technically difficult. This cul-
ture system made the relatively small Drosophila neurons
individually visible and more accessible to intracellular
recording. Thus the excitability of the somata of cultured
neurons was examined. Neuroblasts and larger type III
cells (> 7 um) in 8- to 12-hr cultures were penetrated
with microelectrodes. At this culture age, the observed
amplitude of the resting membrane potential was usually
25 mV or less (n > 20) and no action potential could be
evoked during injection of depolarizing currents or fol-
lowing strong (—80 mV) hyperpolarizing pulses (anode
break excitation).

In many excitable tissues Na channels are not present
and inward currents are gated by Ca channels. In a
variety of such tissues (Hagiwara and Byerly, 1981)
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Figure 5. Density of viable neurons and length of neurites as functions of age. Solid circles
represent the cell density normalized to the initial value as determined in the number of cultures
indicated. Open circles represent the average of the neurite length from the number of neurons

indicated. Error bars represent SD.

including Drosophila larval muscles (Suzuki and Kano,
1977), regenerative Ca action potentials are prevented
by strong outward K rectification currents. However,
depolarization supported by inward currents through Ca
channels can develop into action potentials when K
rectification is reduced by TEA. The presence of Ca
channels can be more conveniently demonstrated by
adding Sr** or Ba®* to the bathing solution because these
cations flow through Ca channels more effectively than
Ca®* and because they also interfere with the K rectifi-
cation currents (Hagiwara and Byerly, 1981).

To examine whether Ca channels were present in
neurons at this stage (8 to 12 hr), we added Sr?* or Ba**
(5 to 10 mM) to the saline. Large, overshooting, regener-
ative membrane potentials could be elicited by current
injection in type III cells with or without neurites. Figure
8 shows examples of these relatively prolonged (> 10
msec) potentials recorded in the presence of Sr?*.

Sensitivity to neurotoxins specific to Na channels. The
above result suggests the appearance of Ca channels in
dissociated neurons cultured for 8 to 12 hr but fails to
demonstrate the presence of voltage-sensitive Na chan-
nels in these cells. Because of the small size (generally 2
to 10 um) of dissociated Drosophila neurons, intracellular
recording is not an effective means to survey the prop-
erties of various cell types in cultures of different ages.
Neurotoxins highly specific to voltage-sensitive Na chan-
nels are available and their effects on cultured neurons
can be quantified. Veratridine depolarizes the nerve
membrane by blocking Na inactivation and by shifting
Na activation to more negative potential, leading to
lethality of neurons (West and Catterall, 1979). The

effect of veratridine is noncompetitively inhibited by the
Na channel blocker TTX (Catterall, 1980).

Neurons in 4-day cultures were subjected to veratri-
dine treatment. At this stage the cultured neurons ap-
peared to reach maturity as the neurites stopped further
lengthening (Fig. 5). Single cells in each culture confined
in a fixed area were scored (see “Materials and Methods”)
immediately before the application of veratridine and on
successive days. Veratridine (500 uM) in medium reduced
the density of neurons with neurites (> 5 um) after 1 day
to 27% and after 3 days to 11% of the pretreatment value
(cf. the data point of 0 nM TTX and 500 uM veratridine
in Fig. 9). It was noted that the population of spherical
cells correspondingly increased and that both type IT and
type 111 cells were sensitive to veratridine. In contrast,
77% of neurons remained in the control cultures (without
drug) after 1 day and 71% survived after 3 days (Fig. 9).

Figure 9 also shows the density of neurons (as fraction
of the pretreatment density) 1 day after veratridine treat-
ment when TTX was applied 30 min prior to veratridine.
The dose response demonstrated that the lethal effect of
veratridine was inhibited by high concentration of TTX.
It also provided strong evidence that the lethal effect of
veratridine was mediated by voltage-dependent Na chan-
nels present in cultured neurons.

Neuronal growth and sensitivity to veratridine in nap®
mutant. The larval nerve axons in the mutant nap® fail
to conduct action potentials and are more sensitive than
normal to TTX even at 21°C, a temperature at which
nap” individuals behave normally (Wu and Ganetzky,
1980). This raises the possibility that neuronal growth
may also be affected in this mutant. A related question
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Figure 7. ACh-activated single-channel currents from cul-
tured Drosophila neurons. Type III cell, 15°C. The membrane

potential of the patch was held at 80 mV positive to the resting
potential. Downward deflections indicate outward currents.

concerns the possible effect of TTX on the growth of
dissociated Drosophila neurons. To answer these ques-
tions, cultures of nap™ neurons and cultures of normal
neurons treated with TTX (1 uM) were examined and
the results were compared with the normal growth char-
acterized in Figure 5. The survival rate and neurite length
of neurons in neither nap® cultures nor TTX-treated
cultures differed significantly from those of control cul-
tures (Fig. 5). The relative densities of type II and type
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III cells in these cultures were not notably altered. Rais-
ing nap® cultures at 34°C (a restrictive temperature) did
not change the growth pattern of neurons, either. The
same was true for cultures of normal neurons. Thus, at
the present level of quantification, we did not detect a
change in neuronal growth as a consequence of nap®
mutation or TTX treatment.

The action potential in nap® larvae exhibits an abnor-
mally prolonged refractory period (Wu and Ganetzky,
1980). Since the refractory period is in part determined
by the Na inactivation process (Hodgkin and Huxley,
1952), it is of interest to investigate the sensitivity of
nap® neurons to veratridine, which blocks Na inactiva-
tion (Catterall, 1980).

Utilizing this culture system, we compared the survival
of nap” and normal neurons 1 day after the application
of veratridine at different concentrations up to 500 uM
(Fig. 10). It is evident that, at 21°C, nap® neurons showed
a drastically reduced sensitivity to the lethal effect of
veratridine. The question remains whether the decreased
sensitivity of nap® neurons is a consequence of altered
binding properties of Na channels to veratridine or sim-
ply a lack of Na channels in the neuronal membrane.
The following observations indicate that lack of Na
channels probably is not an explanation for the observed
reduction in veratridine sensitivity in nap® neurons. Pro-
longed treatment with veratridine caused more pro-
nounced lethality of neurons in nap® cultures. At the end
of a 3-day period, the density of nap” neurons descreased
to 31.4 = 13.8% (mean * SD, n = 9 cultures) when
treated with 500 uM veratridine and to 60.0 + 18.6 (n =
6) in control cultures without veratridine treatment.
(The corresponding values for the normal neurons were
10.6 £ 8.0% (n = 8) and 71.8 + 20.7% (n = 6), as shown

a A
\
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Figure 8. Typical regenerative membrane potentials recorded
intracellularly from dissociated cells cultured for 8 to 10 hr. a,
Action potential initiated by depolarizing current injection. The
saline contained 10 mM SrCl. b, A record from a different cell.
Same conditions as in a.
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Figure 9. Inhibition of veratridine-induced cell lethality by T'TX. Each point represents the fraction
of neurons remaining 1 day (open circles) and 3 days (solid circles) after the application of 500 uM
veratridine plus TTX at different concentrations. No drug was applied in control cultures. The number
of cultures for each determination and SD (or range when n = 2) are indicated.

in Figure 5.) Furthermore, veratridine at 1 mM concen-
tration reduced the density of nap® neurons to 34.3 +
11.0% (n = 3) in 1 day and to 19.0 + 10.0% (n=3) in 3
days.® The above results mean that the density of Na
channels in nap” neuronal membrane was high enough
to support sufficient steady Na* influx and depolariza-
tion, resulting in neuronal death, even though these
lethal effects were triggered at higher veratridine concen-
tration.

Discussion

Primary dissociated cell culture. In the present study,
we have established the primary culture of dissociated
neurons from the Drosophila CNS. This system was used
to study the properties of CNS neurons of the normal
and mutant Drosophila. The dissociated neurons showed
vigorous growth in culture. This is presumably due to
the fact that the mature larval CNS of holometabolous
insects (Nordlander and Edwards, 1969; White and Kan-
kel, 1978) undergoes rapid cell proliferation and growth
before entering metamorphosis. In vivo autoradiographic
analysis based on [*H]thymidine uptake has shown that
large neuroblasts in the larval CNS generally go through
a series of asymmetric divisions before and during pu-
pation to give rise to smaller ganglion mother cells, which
further divide to yield ganglion cells (Nordlander and
Edwards, 1969; White and Kankel, 1978). Consequently,
the larval primary cultures may include neurons of dif-

 The current general shortage of veratridine in the world market
prohibited extensive experimentation involving the use of high concen-
tration veratridine.

ferent developmental stages, which undergo further dif-
ferentiation or regeneration in vitro. Neuroblasts engag-
ing in asymmetric divisions have been frequently en-
countered at early stages of the culture (Fig. 4), similar
to the previous report on embryonic cell cultures (Seecof
et al., 1973). The present cell culture system permits
continuous observation of neurons accessible to experi-
mental manipulations and thus provides a complemen-
tary approach to previous in vivo studies of postem-
bryonic development of the nervous system.

Neurons in this culture system are individually visible
and suitable for studies at the single-cell level by estab-
lished immunological, pharmacological, and neurophy-
siological techniques. Besides characteristic neurite out-
growth and contacts, we also observed in these cells
unimpaired synthesis and accumulation of ACh (Fig. 6)
as well as functional ACh channels (Fig. 7). The presence
of the membrane channels responsible for regenerative
action potentials was also indicated (Figs. 8 and 9).

Preliminary studies showed that a number of mono-
clonal antibodies raised against the adult Drosophila
CNS (Fujita et al., 1981) cross-react with larval neurons
in culture. We have tested several of these antibodies
and they selectively stained subcellular regions or spe-
cific types of neurons in culture, suggesting the presence
of adult neuronal antigens in different cultured neurons
(Fujita et al., 1982). For further experiments that require
a homogeneous neuronal population, the possibilities of
immunofluorescence-activated cell sorting by flow cyto-
metry or elimination of different cell types by immuno-
cytotoxicity can be examined.

An interesting feature of the present system is that
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Figure 10. Effect of veratridine concentration on the survival of normal (circles) and
nap® (squares) neurons. The fraction of cells remaining 1 day after veratridine appli-
cation was determined from the number of cultures indicated. Error bars represent SD
(or range when n = 2). The survival rate of nap” neurons at 500 uM veratridine is
significantly higher than that of normal neurons (p < 0.0001, df = 19).

i |

500

200

neuronal cultures that appear to be relatively free from
glial cells can be obtained from a few larval brains by
using a simple dissociation procedure. Cells with distinct
glial morphology (Strausfeld, 1976; Sang, 1981) were
occasionally observed in cultures with either phase con-
crast optics or indirect immunofluorescence of mono-
clonal antibodies against the adult CNS (Fuyjita et al.,
1981). However, among several thousand cells examined,
the frequency of occurrence of cells which had clearly
non-neuronal morphology was less than 1% in cultures
of different ages. The apparently low density of glia in
the cultures is probably not derived from a poor survival
rate of glial cells in culture. Rather, the relatively low
number of glia present in the insect CNS is a more likely
explanation. In the brain of the adult fly Musca, somata
of glia are only sparely distributed, in contrast to the
dense packing of neuron somata (Strausfeld, 1976).

Physiological recordings. It was demonstrated that type
I and type III cells were suitable for intracellular microe-
lectrode and extracellular patch electrode recording. So
far only neurons in relatively short-term (4 to 12 hr)
cultures have been studied electrophysiologically. Single-
channel currents induced by ACh as well as regenerative
action potentials were detected. The detection of func-
tional ACh channels in these CNS neurons complements
the previous biochemical evidence (Dudai, 1977;
Schmidt-Nielsen et al., 1977; Wu et al., 1983) for the role
of ACh as a neurotransmitter in the CNS of Drosophila.
Because of the abundance of ACh receptors in the CNS
of Drosophila (Dudai, 1977; Schmidt-Nielsen et al., 1977)
as well as in other insects (Sattelle et al., 1980), further
investigation into the properties and developmental se-
quence of the ACh channels in these cultured neurons is
warranted.

In the presence of Sr** or Ba®', the appearance of
action potentials in dissociated neurons in 8- to 12-hr
cultures is most likely associated with Ca channels. It is
consistent with the earlier findings that, after an early
developmental stage, Ca action potentials which are re-
vealed or enhanced by Ba®" or TEA can be recorded in
embryonic neurons (Spitzer, 1979; Goodman and Spitzer,
1981). Sr?* and Ba?* are also effective in revealing Ca
channel-dependent action potentials in mature excitable
cells (Suzuki and Kano, 1977; Hagiwara and Byerly,
1981). However, our experiments cannot rule out the
possibility that there is a relatively low density of Na
channels present in cultures at this early stage. It is not
known whether the lack of action potentials in the ab-
sence of Sr** and Ba®*" and the low resting potential
observed in these neurons were due to membrane damage
upon microelectrode penetration. Nevertheless, the pres-
ence of voltage-dependent Na channels in neurons in 4-
day cultures was suggested by the veratridine-induced
cell lethality which was inhibited by T'TX. Both toxins
exerted their effects at concentrations comparable to
those found in other cell culture systems in which Na
action potentials have been directly demonstrated by
physiological recordings (West and Catterall, 1979). Fur-
ther electrophysiological investigation of the develop-
ment of Na channels in the cultured Drosophila neurons
1s In progress.

Analysis of nap”. This culture system can be employed
to analyze the primary defects in Drosophila mutants
with altered membrane excitability (Wu and Ganetzky,
1980; Tanouye et al., 1981; Salkoff and Wyman, 1981;
Ganetzky and Wu, 1982b) and their effect on neuronal
growth. The mutation nap” did not appear to change the
growth pattern of cultured neurons. Nor did T'TX affect
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the growth. However, the conclusion of our measure-
ments did not eliminate the possibility that the effect
took place at a functional level (Archer et al., 1982) not
detectable in the parameters examined in our experi-
ments.

The decreased sensitivity of nap® neurons to the lethal
effect of veratridine (Fig. 10) can be explained by either
a reduction in the Na channel density in the nerve or a
change in Na channel properties, e.g., an increase in K,
of binding to veratridine. Previous studies of [*H]T'TX
binding (Kauvar, 1982) or [*H]saxitoxin binding (Hall et
al., 1982) show that the maximal specific binding in nap®
tissue homogenates is reduced by 40% but the K, for
either toxin is not altered. The results appear to indicate
that the number but not the property of Na channels is
altered in nap®. However, when the results from phys-
iological studies are considered together, it appears un-
likely that nap®™ simply reduces the number of Na chan-
nels. Nerve action potential generally has a large margin
of safety and only a fraction of the Na channels are
required to produce a propagated action potential (Nar-
ahashi, 1974). The concentration of TTX (40 nM) re-
quired to block conduction in normal Drosophila axons
(Wu and Ganetzky, 1980) is 8-fold greater than the K,
(5 nM) of binding to TTX (Kauvar, 1982), indicating
that more than 99% of sodium channels must be blocked
before conduction fails. A mere 40% reduction in Na
channel density cannot account for the conduction fail-
ure in nap® at only 10 nM (2 times K,;) TTX (Wu and
Ganetzky, 1980). Moreover, computer simulation of a
Hodgkin and Huxley (1952) model axon of the dimension
found in Drosophila also indicates that a 40% reduction
in Na conductance is insufficient to explain the increase
in refractory period or the high temperature conduction
block observed in nap® axons (Wu et al., 1980). It is
conceivable that a mutation can alter a functionally
separate region of Na channels without modifying the
TTX receptor site. For example, West and Catterall
(1979) have demonstrated in a toxin-resistant clone of
neuroblastoma cells a 40-fold change in affinity for scor-
pion toxin (a cooperative agonist of veratridine) without
detectable alteration in the K; for TTX. The drastic
reduction in the sensitivity of nap® neurons to veratri-
dine observed here is consistent with the idea that an
alteration of Na channel function is involved. Although
the present data based on cell lethality cannot provide a
firm quantitative conclusion, the problem can be fully
resolved by direct measurements of the veratridine-in-
duced Na* influx or the single-channel currents associ-
ated with the Na channels in neurons of this culture
system.
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