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Reduced Growth Cone Motility in Cultured Neurons from
Drosophila Memory Mutants with a Defective cAMP Cascade

Yun-Taik Kim and Chun-Fang Wu

Department of Biological Sciences, University of lowa, lowa City, lowa 52242

Drosophila memory mutants dunce (dnc) and rutabaga (rut) are
known to have altered intracellular cAMP levels, nerve terminal
growth, and plasticity of synaptic transmission. Because the
growth cone is responsible for neurite outgrowth and synapto-
genesis, video microscopy was used to examine growth cone
morphology and behavior of mutant neurons in larval CNS
cultures. We found that growth cone exploratory movement
was nearly arrested by both mutations, even though they
change cAMP levels in opposite directions. The dnc phenotype
could be mimicked by normal neurons when perfused with
dibutyryl cAMP (db-cAMP) or forskolin. In contrast, rut growth

cones became active when perfused with db-cAMP. Further-
more, motility was also restored by counterbalancing the ef-
fects of the two genes in double mutants, indicating that dy-
namic control of growth cone motility in developing Drosophila
neurons requires optimal cAMP levels within an operational
range. These findings represent the first demonstration of al-
tered growth cone properties in learning and memory mutants
and establish in a natural setting the role of cAMP in growth
cone motility and neuronal plasticity.
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The Drosophila mutants dnc and rut were isolated because of their
learning deficiencies (Dudai et al., 1976; Aceves-Pina et al., 1983;
Livingstone et al., 1984). Biochemical assays of embryos, larvae,
and adults indicate that dnc mutations affect cAMP phosphodi-
esterase (CAMP PDE), leading to increased intracellular cAMP
(Byers et al., 1981; Davis and Kiger, 1981), and rut mutations
affect Ca®*/calmodulin-sensitive adenylyl cyclase (AC), lowering
Ca®*-dependent cAMP synthesis (Dudai et al., 1983; Livingstone
et al., 1984). Indeed, molecular cloning and DNA sequence anal-
ysis confirmed that dnc codes for the enzyme cAMP PDE (Chen
et al., 1986; Qiu et al., 1991) and rut codes for a form of AC (Levin
et al., 1992). Morphological and physiological alterations have
also been reported in the dnc and rut nervous systems. The
number of nerve fibers in the mushroom bodies, which are in-
volved in olfactory learning, is regulated in an experience-
dependent manner (Technau, 1984; Heisenberg et al., 1985).
Neither dnc nor rut flies displayed such developmental plasticity
(Balling et al., 1987; Heisenberg et al., 1995). Sensory fatigue and
adaptation in dnc and rut adult thoracic bristles are altered, and
morphological abnormalities have been found in the same sensory
axon arbors (Corfas and Dudai, 1990, 1991). Furthermore, the
numbers of axonal terminal branches and varicosities of larval
motor neurons are increased on identified muscles in different dnc
alleles, an effect that could be suppressed by rut in double-mutant
combinations (Zhong et al., 1992). At the same neuromuscular
junctions, activity-dependent plasticity in transmitter release, i.e.,
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facilitation and post-tetanic potentiation, is severely reduced in
different dnc and rut alleles (Zhong and Wu, 1991).

The above phenotypic abnormalities illustrate the close rela-
tionship between developmental and physiological plasticity. Be-
cause the cellular mechanisms regulating neurite branching and
synaptic contacts in Drosophila have not been well established,
analysis of the neuronal growth process in these mutants may
provide insight into the role of cAMP in developmental plasticity.
We examined cultured dnc and rut neurons dissociated from the
larval CNS. This culture system is suitable for pharmacological
studies on isolated neurons (Wu et al.,, 1983; Wu, 1988) and
enables direct monitoring of growth cone behavior under con-
trolled conditions (Kim and Wu, 1987, 1991a).

Preliminary reports of part of this work have been published
previously (Kim and Wu, 1991b; Kim et al., 1995).

MATERIALS AND METHODS

Animal stocks. The wild-type strain Canton-Special (CS), three different
alleles of the dnc locus, dnc’, dnc™!?, dnc™'?, one allele of the rut gene,
rut!, double mutants dnc’ rut’ and dnc™™* rut!, and rut'/Df(1)KA9 of
Drosophila melanogaster were raised on standard Drosophila medium at
22°C. KA9 carries a small X-chromosome deletion uncovering rut. Male
dnc™'’ and dnc™’* were used in the experiments and maintained in a
balanced stock with attached X-chromosomes because of their female
sterility (Mohler, 1977).

Dissociated larval CNS cell culture. Dissociated neurons from the wild-
type strain CS were used for normal controls throughout the experiments.
The procedure for culturing neurons from Drosophila larvae was identical
to that reported previously (Kim and Wu, 1991a). Briefly, third instar
larvae of the wondering stage were collected and dissected in culture
medium after being surface-sterilized in 70% ethanol. Their brain and
ganglion complexes were cut and incubated in Ca’?*- and Mg?>*-free
saline solution containing 0.5 mg/ml collagenase (Type I, Sigma, St.
Louis, MO). After dissociation of tissue fragments in culture medium, the
cell suspension was plated on uncoated glass coverslips. Growth cones of
wild-type neurons show more active movement on uncoated glass cover-
slips than on polylysine-coated ones (Kim and Wu, 1987, 1991a), as in the
cases of neuronal cultures of vertebrate species (Bray and Chapman,
1985). Therefore, uncoated coverslips were used in this study to accen-
tuate differences between normal and mutant growth cones. Culture
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Table 1. Occurrence and optical properties of growth cones in normal and mutant cultures

Number of Cells with Growth cone phase quality vs activity

cells (cultures) growth
Genotype examined cone Light (act/inact) Dark (act/inact)
Normal 183 (8) 33.3% 60.7% (23/14)* 39.3% (0/24)
dnc’ 214 (8) 33.6% 63.9% (0/31) 36.1% (0/14)
rut 193 (7) 31.6% 62.3% (0/38) 37.7% (0/23)

rut!

DF(1)KA9 99 (5) 343% 64.7% (0/22) 353% (0/12)
dnc’ rut’ 52 (4) 48.1% 80.0% (15/5)* 20.0% (0/5)

Growth cones are defined as nerve terminals with flattened veil-like lamellipodia, which were frequently accompanied by filopodia. Only growth cones of type III monopolar
neurons were included in the analysis. Note active motility (*) found in only normal and dnc rut double-mutant cultures. dnc rut cultures appeared to have higher frequency

of active, phase-light growth cones. act, Active; inact, inactive.

medium consisted of 90% revised Schneider’s Drosophila medium (Life
Technologies, Gaithersburg, MD) and 10% heat-inactivated fetal bovine
serum containing 50 U/ml penicillin and 50 ug/ml streptomycin sulfate
(Wu et al., 1983).

Video microscopy. Within 2 d of culture, growth cones with flat veil-like
lamellipodia in type III neurons (Wu et al., 1983; Kim and Wu, 1991a)
were selected for observation. Contrast-enhanced video microscopy was
performed by using a Zeiss IM35 inverted microscope and a Hamamatsu
C-2400 video camera with a newvicon tube in conjunction with a contrast
enhancement circuit, as described previously (Kim and Wu, 1991a).
Continuous video recording for individual growth cones was made in real
time for 3-12 min (sometimes for up to 30 min).

Pharmacology. Dibutyryl cAMP (db-cAMP) (Sigma) was dissolved in
Drosophila normal saline (Wu et al., 1983) to make the stock solution
(500 pm). Forskolin (Calbiochem, La Jolla, CA) stock solution (50 mm)
was prepared in dimethyl sulfoxide (DMSO), and in perfusion medium
the final DMSO concentration was 0.1%. Control experiments showed
that 0.1% DMSO had no apparent effects on growth cone morphology
and motility. For perfusion experiments, coverslips with cultures were
mounted on a double-coverslip chamber (Forscher et al.,, 1987) in a
configuration with two open ends suitable for perfusion. Cells were first
perfused with normal medium before exposure to test solutions; contin-
uous perfusion at a fixed flow rate (150-200 wl/min) was maintained at all
times. The dead volume in the perfusion system delayed the arrival of the
perfusate at the neuronal culture for ~30 sec.

Analysis of growth cone morphology and behavior. The method to
analyze growth cone morphology and motility was essentially the same as
reported previously (Soll et al.,, 1988; Kim and Wu, 1991a), with an
improved version of computer analysis software (DIAS, cf. Soll, 1995).
Time-lapse sequences of growth cone images were analyzed for their
motility by a combination of photographic and graphic procedures. La-
mellipodial images were traced from photographs and subjected to
computer-assisted analysis. The methods for producing difference pic-
tures and motility indices of lamellipodia, i.e., (area of expansion + area
of retraction)/(area of earlier image + area of later image), and the formula
for calculating roundness, i.e., (47 area/perimeter®), have been de-
scribed previously (Soll et al., 1988; Kim and Wu, 1991a; Soll, 1995).

RESULTS

Abnormal growth cone motility in dnc and rut neurons
It is important to examine multiple dnc and rut alleles so that any
abnormalities observed could be attributed to the mutational
effects of these genes. We studied several independent isolates of
the two genes, including dnc’, dnc™’?, dnc™'?, rut’, and rut’/
Df(1)KA9. (KA9 is a deletion uncovering rut.)

The larval CNS culture consists of several types of neurons at
different stages of differentiation (Wu et al., 1983). Our study
focused on monopolar type III neurons because they have larger
cell bodies and display more conspicuous growth cones in which
morphometric and motility parameters have been studied in detail
(Kim and Wu, 1991a). Not all type III neurons at a given time
showed growth cones with lamellipodia. Only growth cones

equipped with lamellipodia in isolated neurons, but not in neu-
ronal clusters, were included in this study.

In general, no obvious differences in growth cone morphology
(Fig. 1) and frequency of occurrence (Table 1) were found be-
tween normal and mutant cultures. (There seems to be a small
increase in the frequency of occurrence of dnc’ rut’ neurons with
lamellipodial growth cones, but the smaller sample size for this
genotype shown in Table 1 precludes a firm conclusion.) In a
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Figure 1. Neurons with growth cones in cultures from normal, dnc’, and
rut’ larval CNS. Approximately 60-65% of growth cones in both mutant
and normal cultures showed lighter images (a, b, d, ¢, g, h) in phase-
contrast optics. The remaining growth cones appeared thicker and darker
(¢, f, i). The morphology of phase-light growth cones of dnc’ and rut’
neurons was indistinguishable from that of normal neurons. The phase-
dark growth cones of both dnc’ and rut’ neurons appeared darker than
those in normal neurons. Cultured neurons from the wild-type strain CS
were used as normal controls in this and the following figures (see
Materials and Methods).
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Table 2. Growth cone morphology and motility of normal and mutant neurons in culture

Growth cone morphology

Filopodia Lamellipodia Growth cone motility
Genotype No/GC = SEM Length = SEM Area = SEM Roundness = SEM n Index = SD n
Normal 31%+02 5.0x03 183 1.0 0.38 = 0.02 53 0.36 = 0.09 5
dnc’ 31x02 47x03 17.7 = 1.7 0.40 = 0.16 58 0.10 = 0.03* 4
dnc™? 3503 52x04 162 £ 25 0.37 = 0.02 39 0.09 = 0.03* 4
dnc™* 33x07 4605 15518 0.29 = 0.09 10 0.07 = 0.03* 4
rut’ 29+02 52+04 134 0.9 0.41 = 0.02 60 0.07 = 0.03* 4
dnc’ rut’ 32+0.6 49+ 0.7 182+ 2.0 ND 20 0.36 = 0.08 5

Nerve growth cones were observed between 16 and 48 hr after plating on uncoated glass coverslips. Filopodial length is given in micrometers and lamellipodial area in
micrometers squared. For roundness and motility index, see text. The data include only growth cones with phase-light lamellipodia in type III monopolar neurons. *p < 0.001.

ND, Not determined.

series of systematic surveys designed for random sampling in 16-
to 48-hr-old cultures, 33.3% of type III monopolar neurons in
normal cultures displayed extended lamellipodia at the tip of the
neurite, whereas dnc’, rut’, and rut’/Df(1)KA9 cultures showed
33.6%, 31.6%, and 34.3%, respectively (Table 1). A population of
these lamellipodia appeared lighter and thinner in phase optics
(60.7%, 63.9%, 62.3%, and 64.7% in normal, dnc’, rut’, and
rut’/Df(1)KA9, respectively). The rest of the growth cones ap-
peared darker and thicker and were nearly completely immobile
(Fig. 1¢,fi). As reported previously, these morphological features
are associated with more advanced stages of development (Had-
ley et al., 1985; Kim and Wu, 1991a) and are more abundant in
cultures >3 d old. These well differentiated neurons were ex-
cluded from further morphometric and motility studies described
below. The immobile phase-dark growth cones appeared even
darker in the mutant cultures (Fig. 1f;i). Table 2 summarizes
several morphometric parameters, including the number and
length of filopodia associated with the lamellipodium, and the
area and roundness of the lamellipodium, determined in 16- to
48-hr-old cultures. Roundness here indicates degree of convexity
and concavity of the boundary of the lamellipodium (filopodia
excluded; see Kim and Wu, 1991a). In general, mutant growth
cones did not show distinct differences. The only small differences
were the reduction in the area of lamellipodia in rut’ and the
roundness of lamellipodia in dnc ",

Despite the similarity in morphology of the phase-light growth
cones, striking differences in the motility of growth cone lamelli-
podia were evident when normal and mutant neurons were com-
pared (Fig. 2; compare Fig. 8). In normal cultures, ~62% (23/37
in the above survey; see Table 1) of lamellipodia showed high
motility, readily detectable at 5 sec intervals. Ruffle movement of
lamellipodia and filopodial extension and retraction from their
edges were observed at each 5 sec interval in normal cultures (Fig.
2, top). In contrast, growth cones of dnc alleles and rut neurons
were relatively stable, showing greatly reduced motility (Fig. 2 for
dnc’, dnc™'?, and rut’; compare Fig. 8 for dnc™’# and rut’/KA9).
Lamellipodial ruffling was not detected in dnc and rut growth
cones during several 5 sec intervals. Only minor changes of
lamellipodial shape could be detected after longer intervals of
quiescence.

This can be visualized better with difference pictures (Kim and
Wu, 1991a), which show areas of change attributable to lamelli-
podial expansion and retraction. In Figure 3, areas in black were
obtained by superimposing two consecutive frames to show the
sequence of motility of a growth cone at 5 sec intervals. It is clear

that the change in area of normal growth cones was greater than
that of dnc’ and rut’ growth cones.

The dynamic changes of growth cones were quantified further
by using a motility index. The area changes in difference pictures
at 5 sec intervals were determined according to the following
ratio: (area of expansion + area of retraction)/(area of earlier
image + area of later image) (Kim and Wu, 1991a). The motility
index varied over time at a mean of 0.36 (Fig. 4 and Table 2) for
the active lamellipodia in normal cultures (23/37, see above). The
active ruffling was not present in the rest of lamellipodia (14/37),

300
Time (sec)

Figure 2. Time-lapse video micrographs of growth cones from normal,
dnc’, dnc™"’, and rut” neurons. Video-enhanced phase-contrast images of
growth cones were photographed from the video monitor screen. The first
three frames for each growth cone were captured at 5 sec intervals and the
last frame at 5 min after the first frame. Note the active lamellipodial
ruffling and filopodial sweeping in the normal growth cone (top). Growth
cones of rut’ and two alleles of dnc showed greatly reduced motility
(bottom three rows). Scale bar, 5 um.
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Figure 3. Difference pictures of growth cones of normal, dnc, rut, and
double-mutant neurons. Areas in black, which represent lamellipodial
expansion and retraction, were generated by superimposing two consecu-
tive frames of a growth cone lamellipodium 5 sec apart. Note the reduced
motility in the single mutants and the larger displacement of lamellipodia
seen in both normal and dnc rut double-mutant growth cones.

which expanded and retracted slowly, giving a motility index of
~0.10 or less (data not shown; also see Kim and Wu, 1991a).

In contrast, throughout this study, we never found actively
ruffling lamellipodia (558 cells in 24 cultures) in dnc or rut cul-
tures, but observed only slow expansion and retraction (Fig. 3)
with a motility index comparable to the that of inactive lamelli-
podia in normal cultures. The average motility index of lamelli-
podia was 0.10, 0.09, 0.07, and 0.07 for dnc?, dnc**?, dnc**?, and
rut?, respectively (Fig. 4 and Table 2). Figure 4 shows examples of
the time course for the motility index in growth cones from
normal, dnc™?, and rut’. Motility indices were obtained during a
period of 12-13 successive 5 sec intervals and from several later
frames collected at the same intervals for up to 12 min. The
defects observed in the mutant strains are most likely attributable
to the dnc and rut loci, because consistent phenotypes were seen
in different independent isolates.

Effects of db-cAMP and forskolin on normal

growth cones

Because dnc and rut affect the enzymes that regulate cAMP
metabolism, it is of interest to determine whether acute applica-
tion of pharmacological agents that perturb cAMP regulation in
normal neurons would mimic the dnc and rut phenotype. The
membrane-permeable cAMP analog db-cAMP and the drug for-
skolin, which stimulates AC, have been used widely in perfusion
experiments. We found that motile lamellipodia in normal Dro-
sophila neurons were very sensitive to db-cAMP. Figure 5 shows a
series of time-lapse images observed during db-cAMP perfusion.
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The growth cone displayed high motility before the onset of
perfusion (Fig. 5a,b) and was not affected by perfusion of normal
medium (up to 200 wl/min in laminar flow; Fig. 5¢,d). Within 2
min of 25 um db-cAMP perfusion, the rapid lamellipodial move-
ment declined gradually (Fig. 5e,f). Even though the morphology
of the thin lamellipodia remained intact in the presence of 25 um
db-cAMP, a brief (4 min) exposure had a long-lasting effect on
motility (Fig. 5g/). In fact, high level motility did not recover
within 2 hr after returning to normal medium. Only slow extension
and retraction of lamellipodia (comparable to dnc growth cones
shown in Fig. 2) were observed. Even 10 um db-cAMP affects
lamellipodial motility, and only partial recovery was obtained
after a brief exposure of 4 min (data not shown). In contrast, a
higher concentration of db-cAMP (50 um) not only rapidly inhib-
ited lamellipodial motility but also transformed growth cones into
thick, club-shaped endings within 6 min (Fig. 5ij).

We also found that 50 um forskolin had an effect similar to 25
uM db-cAMP (Fig. 6). A series of time-lapse images of a growth
cone from a forskolin perfusion experiment in normal culture is
shown in Figure 6. A high level of growth cone motility was
maintained during a perfusion with standard medium (Fig. 6a,b).
Shortly after switching to a medium containing 50 um forskolin,
however, lamellipodial movement decreased gradually and filop-
odia retracted. After 2 min of perfusion, lamellipodial ruffling was
inhibited (Fig. 6¢,d). Minor changes in lamellipodial shape could
be detected only over longer time periods.

The motility was still suppressed long after reperfusion with
normal medium (Fig. 6e,f). After 4 min of wash, slow expansion of
lamellipodia was barely detectable (Fig. 6f); however, lamellipo-
dial movement was not restored to normal level during a 2 hr
observation period on returning to normal medium (not shown).
Throughout this study, consistent arrest of motility by both db-
cAMP and forskolin was observed in 33 growth cones from 25
independent cultures.

Effects of db-cAMP on rut growth cones

The above results indicate that abnormally high cAMP levels
could lead to the arrest of growth cone motility; however, the
observed retardation of growth cone motility in rut neurons (Figs.
2-4) suggests that an abnormally low level of cAMP synthesis
could also cause a similar effect. To test whether restoration of an
optimal level of cAMP could bring about normal growth cone
motility, we applied db-cAMP and forskolin to rut growth cones in
culture at the time of plating. Indeed, motility of growth cones was
rescued, and clear lamellipodial movement could be observed in
rut cultures chronically incubated with 1.5-2.5 um db-cAMP for
40-56 hr. Twenty-two of 50 growth cones subjected to continuous
observation for 2-10 min in 10 independent rut cultures showed
active lamellipodial movement, which was readily detectable in 10
sec intervals (Fig. 7a-d). Ruffling movements of lamellipodia and
extension and retraction of filopodia were evident. Most impor-
tantly, the recovery of growth cone motility assisted by db-cAMP
in rut cultures seemed to require an optimal range of concentra-
tions. When rut neurons were incubated with 5 uM or higher
concentrations of db-cAMP, no clear recovery in motility was
observed. Instead, growth cones showed phase-dark images. Thus,
too high concentrations of db-cAMP when applied chronically to
rut growth cones resulted in phenotypes resembling the effect of
forskolin or high concentrations of db-cAMP on normal growth
cones.

Another set of experiments used perfusion of db-cAMP to
determine the response time of rut growth cones. Significantly,
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Figure 4. Motility index in normal, dnc,
; rut, and double-mutant growth cones

plotted over time. The motility index was
determined on the basis of consecutive
difference pictures at 5 sec intervals (see
Fig. 3). For each genotype, the sample
included a total of 57-115 difference pic-
tures based on three to five growth
cones. Data points for individual growth
cones are connected. The single mutants
had similar motility indices, which were
significantly lower than those of normal
and double-mutant neurons (p < 0.001,

Student’s ¢ test). Segments of two differ-
ent time scales are presented to show the
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immobile rut lamellipodia responded rapidly to acute perfusion of
db-cAMP-containing medium (~5.0-12.5 um). Visible lamellipo-
dial expansion began within 1 min after the onset of db-cAMP
perfusion (Fig. 7g ). The response reached the plateau within 2-3
min, showing lamellipodial ruffling and filopodial sweeping (Fig.
7i,j). On returning to normal perfusion medium, the growth cone
activity subsided within 1 min and gradually retracted to the
original immobile state (Fig. 7k,/).

In contrast to the results of db-cAMP, forskolin at concentra-
tions between 5 and 12.5 uMm never brought about active growth
cone motility in rut cultures in chronic incubation or acute perfu-
sion experiments. This is consistent with the previous observation
that AC in rut adult homogenates fails to respond to forskolin

normal 25 uM normal
control medium db-cAMP medium

e " U

short-term and long-term changes.

stimulation (Dudai et al., 1985). Growth cones in rut cultures
incubated with forskolin were typically phase-dark and appeared
thicker at lamellipodial edges.

Counterbalancing effects of dnc and rut on growth
cone motility

The dnc gene codes for cAMP PDE, which hydrolyzes cAMP,
whereas the rut locus codes for a Ca**/calmodulin-sensitive AC
that synthesizes cAMP. Even though the dnc and rut genes have
an opposite effect on cAMP metabolism, as we described above,
mutations of either gene result in greatly retarded motility of
growth cone. With these data, it is desirable to obtain an inde-
pendent line of evidence showing that an optimum level of cAMP

50 uM
db-cAMP

Figure 5. Arrest of growth cone motility in nor-
mal neurons by perfusion with db-cAMP. The
growth cone of a normal neuron displayed high
motility (arrowheads) before the onset of perfusion
(a, b) and was not affected (arrowheads) by perfu-
sion of normal medium (¢, d). Within 2 min of
perfusion with 25 um db-cAMP, growth cone mo-
tility was severely retarded (e, f). Long after re-
turning to normal medium, the arrest was not
reversed (g h; see text). Shown for a different
growth cone (i j), a higher concentration of db-
cAMP (50 uM) caused not only motility arrest but
also retraction of lamellipodia. For a—h, the onset
of the first normal medium, 25 um db-cAMP, and
second normal medium perfusion was at 30 sec,
4.5 min, and 8.5 min, respectively. For i and j, 50
uM db-cAMP perfusion started at time 0.
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normal 50 uM normal
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Figure 6. Reversible arrest of growth cone motility in normal neuron by
forskolin. Active ruffling of lamellipodia (arrowheads) during normal me-
dium perfusion (a, b) was arrested soon after perfusion with medium
containing 50 uMm forskolin, a drug stimulating AC (c, d). Lowered growth
cone motility by forskolin is similar to that seen in dnc neurons (see Fig.
2). Motility resumed (arrowhead) after wash by perfusion with normal
medium (e, ). The onset of the first normal medium, 50 uM forskolin, and
second normal medium was at —2 min, 2 min, and 6 min, respectively.

is required to maintain normal growth cone motility. One key
experiment, made possible by the use of genetics, was to pair the
two mutations dnc and rut in a natural setting of double-mutant
neurons and to look for compensation for the effect of abnormal
cAMP levels caused by each single mutation.

We examined the dnc rut double-mutant growth cones in cul-
ture. The morphology of dnc rut growth cones was almost the
same as normal for several morphometric parameters, including
number and length of filopodia and area of lamellipodia (Table
2). Interestingly, the motility of dnc rut growth cones was active
enough to be detected in time-lapse observations with 5 sec
intervals (Fig. 8, bottom). The recovery of motility by the coun-
terbalancing effects of dnc and rut was clearly evident in difference
pictures (Fig. 3, bottom) and the motility index over time (Fig. 4).
The motility index of the double mutant was 0.36 + 0.08, which
appears identical to that of normal cultures (0.36 + 0.09; see
Table 2).

DISCUSSION

Growth cones in learning mutants

This is the first demonstration of altered growth cone properties
in learning and memory mutants. We exploited a larval CNS
culture system (Wu et al., 1983; Kim and Wu, 1987, 1991a; Wu,
1988) that allows for direct observations of growth cones in
isolated dnc and rut neurons. Motility and morphology of the
growth cone were examined in monopolar type III neurons in
which their larger sizes readily allow contrast-enhancement video
recording. We found in mutant neurons striking retardation in the
motility of phase-light growth cone lamellipodia, which have been
shown to be highly motile in normal cultures (Kim and Wu,
1991a).

Kim and Wu « Growth Cones of dnc and rut Mutants

In addition, dnc and rut mutations also led to a darker appear-
ance of phase-dark lamellipodia, which generally show little mo-
tility and are thought to be associated with neurons of older ages
in normal cultures (Kim and Wu, 1991a). The same is true for
other culture systems that growth cones in older neurons show
darker phase images and reduced movement in time-lapse studies
(Argiro et al., 1984; Hadley et al., 1985; Goldberg and Burmeister,
1986; Goldberg et al., 1991). Nevertheless, the reduced lamelli-
podial motility of dnc and rut neurons is not associated with
accelerated aging in neurons, because the ratio between phase-
light and phase-dark growth cones did not differ between normal
and mutant cultures (Table 1) and no active lamellipodia were
seen in younger cultures of <8 hr of age (Y.-T. Kim, P. Taft, and
C.-F. Wu, unpublished data). In contrast, high motility still per-
sisted in some lamellipodia in normal cultures as old as 3 d.

Reduced lamellipodial motility in dnc and rut neurons was not
correlated directly to rate of neurite extension and neuronal
growth. Although the growth rate of mutant neurons has not been
determined using time-lapse recording, sampling of neuritic
length in a large number of cultures of different ages indicated
that the neurite extension rate (Kim and Wu, 1987) was not
retarded in dnc and rut cultures (P. Taft and C.-F. Wu, unpub-
lished data). The lamellipodial activity could thus be considered to
reflect the exploratory and searching behavior of growth cones,
which is not directly correlated to neurite elongation (Kim and
Wu, 1991a) but may influence the directionality of outgrowth and
the proper connectivity in developing neurons or activity-
dependent modification of mature neurons in the nervous system
(Baier and Bonhoeffer, 1991; Marcus et al., 1995). Defects leading
to reduced exploratory activity of growth cones in mutant cultures
thus do not necessarily decrease nerve branching and elongation
in vivo, as indicated by the previously reported overgrowth and
sprouting of motor axons in the larval neuromuscular junction of
dnc mutants (Zhong et al., 1992).

Modulation of synaptic efficacy as the physiological basis for
learning has long been subjected to intensive investigation in
several preparations (Kandel and Schwartz, 1982; Byrne and
Kandel, 1996). Physiological studies in Drosophila have also
shown that activity-dependent short-term plasticity in synaptic
transmission is altered severely at larval neuromuscular junctions
in learning mutants, including dnc and rut (Zhong and Wu, 1991;
Wang et al., 1994). In contrast, growth regulation of nerve termi-
nals as morphological correlates of learning has been character-
ized extensively only in more recent years (Bailey and Kandel,
1993).

Our findings show that the cellular machinery regulating growth
cone behavior is demonstrably different in cultures of dnc and rut
neurons. Defects in the same cellular machinery may influence
neuronal development in vivo and contribute to the altered mor-
phological plasticity observed previously in Drosophila. Both adult
dnc and rut flies are known to have fewer fiber numbers in the
mushroom bodies, which are involved in olfactory learning (Ball-
ing et al., 1987), and increased terminal varicosities of an identi-
fied sensory neuron (Corfas and Dudai, 1991). In addition, the
terminals of larval motor neurons have been shown to increase the
number of branching and varicosities in dnc larvae, which can be
suppressed by the rut mutation in dnc rut double mutants (Zhong
et al., 1992).

Optimal levels of cAMP in growth cone regulation

Our findings suggest that normal lamellipodial motility in devel-
oping Drosophila neurons requires optimal cAMP levels with an
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operational range of dynamic control, as summarized below. First,
either increased or reduced cAMP beyond a normal range in dnc
and rut (Byers et al., 1981; Livingstone et al., 1984) leads to arrest
of lamellipodial motility (Figs. 2-4). Second, normal neurons
subjected to perfusion with medium containing forskolin or high
concentrations of db-cAMP phenocopy the dnc defects (Figs. 5,
6). Third, lamellipodial motility in rut neurons could be rescued
when incubated with relatively low, but not high, concentrations
of db-cAMP or when perfused with intermediate levels of db-
cAMP (Fig. 7). Finally, in double mutants, in which cAMP levels
are close to normal (Livingstone et al., 1984), lamellipodial activ-
ity was restored (Fig. 8). The ability to manipulate growth cone
motility by mutations and pharmacological treatment affecting
synthesis, degradation, or the general levels of cAMP support a
specific role of cAMP in regulating lamellipodia expansion or
retraction. The bell-shaped dependence on cAMP levels corrob-
orates the recently emerging theme found in other systems that
many cellular regulatory processes are achieved by small dynamic
local modifications around a set point of a cellular messenger.
The exact mechanisms responsible for the restoration of growth
cone motility in the double mutants await further studies: notably,
certain phenotypes could be restored completely or partially,
whereas others could be worsened in the double mutants. It is
worth noting that even though the direction of concentration
change in cAMP is opposite in the two mutants, dnc and rut
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Figure 7. Rescue of growth cone motility in rut
neurons by db-cAMP. Growth cone motility in
the rut neuron was restored, and clear lamellipo-
dial movement could be observed when incubated
with 2.5 uM db-cAMP from the time of plating for
24 hr. Ruffling movement of lamellipodia (arrow-
heads) was readily detectable at 10 sec intervals
(a-c), and considerable changes in growth cone
shape were seen after a longer period (d, 75 sec).
e—l show the perfusion experiment for another
growth cone. The rut growth cone did not respond
to perfusion with normal medium (e, f). Within 1
min of 10 uM db-cAMP perfusion, rut growth
cone became motile with rapid lamellipodial ex-
pansion (g /) and filopodial sweeping (i, j). Mo-
tility subsided and the growth cone returned to
the original state after the wash with normal me-
dium perfusion (k, /).

growth cones display similar behavioral abnormalities, their neu-
rons show similar aberrant excitability patterns (Zhao and Wu,
1994), and adult flies are similarly deficient in learning tasks (Tully
and Quinn, 1985; Davis, 1996). Counterbalancing effects in the
double mutants is seen in intracellular cAMP levels (Livingstone
et al., 1984), growth cone motility (this work), and nerve terminal
arborization (Zhong et al., 1992). Nevertheless, when dnc and rut
were recombined in double mutants, more severe phenotype was
seen in learning deficiency (Livingstone et al., 1984), physiological
defects of habituation in an identified escape circuit (Engel and
Wu, 1994, 1996), and aberrant excitability of cultured neurons
(Zhao and Wu, 1994).

Explanations for the apparent complexity in the actions of and
interactions between rut and dnc may include several well estab-
lished cellular mechanisms. It is known that many enzymes are
compartmentalized and colocalized with downstream targets to
mediate local physiological events. Some functional consequences
of cAMP regulation may depend on its dynamic changes rather
than its steady-state levels. Furthermore, compensatory interac-
tions among second messenger systems may increase the complex-
ity in the outcome of the cAMP regulation.

Several entry points to initiating studies of these problems have
been suggested by previous observations. Rearrangement of actin
filaments and microtubules has been implicated in the dynamics
of lamellipodia and filopodia (Bray, 1991; Lin et al., 1994). In
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Figure 8. Time-lapse video micrographs of dnc™’?,

rut’/KA9, and dnc’ rut’ growth cones. Growth cones were
photographed and displayed in the same way as in Figure
2. Note that active lamellipodial ruffling and filopodial sweep-
ing were testored in the dnc’ rut’ double-mutant growth
cone (bottom). Growth cones of both dnc™# and rut'/KA9
(heterozygote of rut’ over KA9, a chromosome bearing a
deficiency of the rut locus) showed greatly reduced motility
(upper two rows). Same magnification as in Figure 2.

addition, ruffling of the growth cone requires continual shifting of
adhesion sites in contact with the substratum. This process might
involve redistribution of membrane components by insertion and
pinch-off of membrane vesicles (Kim and Wu, 1987), which in part
rely on transport systems for intracellular organelles. In bag cell
neurons of Aplysia, elevated intracellular cAMP levels induce
organelle transport into typically organelle-free lamellipodia, re-
sulting in the formation of thick, bulbous endings (Forscher et al.,
1987). It is known that microtubules provide the substrate on
which vesicles or organelles move (Vale, 1987). Therefore, regu-
lation of microtubule dynamics and their interactions with or-
ganelles may be responsible for the motility of growth cones. A
previous study (Adam and Friedrich, 1988) on microtubule-
associated cAMP-dependent protein kinase (PKA) in Drosophila
suggests that permanently elevated cAMP levels in dnc dissociates
PKA from intracellular binding sites and thereby may affect or-
ganelle transport. This defect in microtubule-associated PKA
could contribute to the changes in growth cone motility and in
synaptic terminal arborization seen in dnc and rut neurons. It is
also known that calcium/calmodulin-dependent kinase (CaMKII)
is also involved in the regulation of nerve terminal growth and
synaptic plasticity (Wang et al., 1994). Interactions between
cAMP and other pathways such as the CaMKII cascade in the
regulation of growth cone motility and neuronal growth remain to
be investigated further.

cAMP, neuronal plasticity, and learning

It has been shown that genes encoding different forms of AC are
differentially expressed in various regions of the vertebrate CNS
(Mons and Cooper, 1995). These enzymes regulate the cAMP
level, which has been implicated in a prolonged late phase of
long-term potentiation, a cellular mechanism underlying learning
and memory, in the mammalian hippocampus (Frey et al., 1993).
Differential expression of the products of the rut gene, AC, and
the splicing variants of the dnc gene, cAMP PDE, have also been
observed in the Drosophila CNS, resulting in conspicuous accu-
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mulation of these enzymes in the mushroom bodies (Han et al.,
1992; Nighorn et al., 1994).

In other invertebrate systems, including Aplysia, the role of
cAMP in several simple forms of learning has been well estab-
lished (Byrne and Kandel, 1996). It is thought that cAMP con-
tributes to the initiation of short-term memory by protein phos-
phorylation and to the consolidation of long-term memory by
mechanisms involving gene expression (Goelet et al., 1986; Byrne
and Kandel, 1996). Isolation of the Drosophila mutants dnc and
rut with defects in cAMP metabolism allows identification of
phenotypes at the cellular level (Zhong and Wu, 1991; Zhong et
al., 1992; Engel and Wu, 1994, 1996; Zhao and Wu, 1994; this
work) and provides independent evidence for the critical role of
cAMP in neuronal plasticity underlying learning.

It will be of importance to determine whether the altered
growth cone properties observed in dnc and rut cultures could be
correlated to abnormal exploring behavior and growth pattern of
developing neurons in vivo. Preparations for direct time-lapse
observations in the developing Drosophila embryo exist in which
growth cone motility and neurite growth may be observed contin-
uously in situ (Halpern et al., 1991; Keshishian et al., 1993).

The current culture system allows the first analysis of the
defects in dnc and rut growth cones. Further development of this
analysis may exploit mutations of additional genes and include
phenomena related to interactions among different cell popula-
tions. High-density cultures can be initiated to study interactions
among neurons of different genotypes or the process of synapse
formation between different neuronal types, which may be vitally
marked by using the green fluorescent protein reporter gene (Yeh
et al., 1995). Modifications of our experimental system (Wu et al.,
1990; Zhao et al., 1995) may allow determination of how growth
cone motility is regulated at the local level. For instance, db-
cAMP and related pharmacological agents can be applied locally
to the various subcellular regions via a micropipette (Lohof et al.,
1992; Zheng et al., 1996). The results presented here provide the
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groundwork for additional studies of the roles of second messen-
ger systems and regulation of growth cone properties that are
important in neuronal development and neural plasticity.
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