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Transmitter—-Receptor Interactions between Growth Cones of
Identified Lymnaea Neurons Determine Target Cell Selection In Vitro
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In addition to their involvement in transsynaptic communication
in the adult nervous system, neurotransmitters also participate in
many developmental events, such as neurite initiation and out-
growth. Although growth cones can release transmitters and are
themselves sensitive to exogenously applied neurotransmitters,
a direct causal relationship between the release of transmitter
from one growth cone and its effect on another has not yet been
demonstrated. In this study, we provide evidence that dopamine
release from the growth cones of an identified Lymnaea neuron,
right pedal dorsal 1 (RPeD1), differentially regulates the growth
cone behavior of its in vivo target and nontarget neurons in vitro.
In coculture, RPeD1 growth cones enhanced the rate of growth
cone advance from target cells and synaptic connections devel-
oped immediately after contact. In contrast, RPeD1 growth
cones not only inhibited the rate of growth cone advance from

nontarget cells but they also induced growth cone collapse.
Using a “sniffer cell” approach, we demonstrated that both
RPeD1 growth cones and somata released dopamine, which can
be detected at a distance of several hundred micrometers.
RPeD1 somata were used to demonstrate that spontaneous
release of dopamine also acted as a chemoattractant for target
growth cones but as a chemorepellent for nontarget growth
cones. These effects were mimicked by exogenous dopamine
application, and both RPeD1 growth cone and soma-induced
effects were also blocked in the presence of dopamine receptor
antagonists. This study emphasizes the importance of transmit-
ter-receptor interactions between growth cones in target cell
selection.
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Neuronal growth cones located at the tips of developing neurites
are responsible for axonal pathfinding, target cell selection, and
specific synapse formation (Lockerbie, 1987; Kater and Shibata,
1994). A variety of molecules assist growth cones in their naviga-
tional tasks to ensure that developing neurites are guided toward
their appropriate synaptic targets and that specific synapses are
formed. These guidance cues include cell surface (Letourneau,
1992) and extracellular matrix (Kuhn et al., 1995) molecules, as
well as various diffusible factors, such as neurotrophins (Phelan et
al., 1992) and neurotransmitters (for review, see Lipton and Kater,
1989; Lauder, 1993). Neurotransmitter-induced effects can be che-
moattractive, resulting in growth cone turning toward the transmit-
ter source (Zheng et al., 1994, 1996), or inhibitory and chemore-
pulsive, causing growth cone collapse and/or turning away of the
growth cone (Haydon et al., 1984; Lankford et al., 1987). In
addition to their responsiveness to exogenously applied transmit-
ters, growth cones also contain and release transmitters (Hume et
al., 1983; Young and Poo, 1983; Sun and Poo, 1987) before estab-
lishing synaptic contacts (Taylor et al., 1990). These findings thus
suggest that transmitter-receptor interactions between neuronal
growth cones may play a nonsynaptic role during axonal pathfind-
ing and/or target cell selection. However, a direct causal relation-
ship between the release of transmitter from one growth cone and
its direct effect on another has not yet been demonstrated.
Because interactions between growth cones of defined presyn-
aptic and postsynaptic neurons are often difficult to investigate in
the intact CNS, we have therefore opted to use in vitro isolated
neurons of Lymnaea stagnalis. Using identified neurons, we tested
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whether the specificity of target cell selection in vitro involves
transmitter—receptor interactions between growth cones. An iden-
tified interneuron, right pedal dorsal 1 (RPeD1) synthesizes (Cot-
trell et al., 1979), contains (Magoski et al., 1995), and releases (Syed
et al.,, 1996) the transmitter dopamine and makes monosynaptic
connections with identified target neurons in the visceral ganglia
[visceral I (VI) and visceral J (VJ) cells]. A target cell is defined as
a neuron with which RPeD1 makes synaptic contacts in vivo.
RPeD1 does not however make synaptic contacts with “nontarget”
cells, such as the right parietal B and visceral F cells, although these
cells are located near the target cells and have processes in the
vicinity of the neurites of RPeD1. When isolated from the central
ring ganglia and plated in appropriate cell culture conditions,
Lymnaea neurons exhibit robust sprouting, and the pattern of in
vivo synaptogenesis is recapitulated in vifro (Syed et al., 1990; Syed
and Spencer, 1994). When cultured together, RPeD1 reforms ap-
propriate synaptic connections with target but not nontarget cells
(Spencer et al., 1998). Using simultaneous time-lapse video imag-
ing and intracellular recording techniques, we provide the first
direct evidence that dopamine release from RPeD1 growth cones
exerts differential growth regulatory effects on target and nontarget
growth cones, effects that are likely mediated by different dopamine
receptors. Transmitter-receptor interactions between developing
growth cones may thus play an important role in determining target
cell selection that leads to cell-cell recognition and specific syn-
apse formation.

MATERIALS AND METHODS

Cell isolation. Specimens of Lymnaea stagnalis were laboratory bred, kept
in well aerated, artificial pond water, and fed on lettuce. All cell culture
procedures were performed as described previously (Syed et al., 1990).
Briefly, the central ring ganglia were isolated under sterile conditions, and
after a number of antibiotic washes and subsequent enzymatic treatment,
pinned down in a dissection dish and bathed in high osmolarity defined
medium (DM) (Ridgway et al., 1991). The connective tissue sheath sur-
rounding the ganglia was removed using a pair of fine forceps, and
identified somata were individually extracted by applying gentle suction
through a fire-polished pipette. The isolated cells were either plated
directly on poly-L-lysine-coated dishes containing brain-conditioned me-
dium (CM) (Wong et al., 1981) or maintained overnight in hemolymph-
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coated dishes containing CM (to prevent neuronal adhesion) and subse-
quently plated on poly-L-lysine-coated dishes.

Electrophysiology. For intracellular recordings, conventional electrophys-
iological techniques were used as described previously (Syed et al., 1990).
Glass microelectrodes (resistance of 20—40 M) were filled with a satu-
rated solution of potassium sulfate (K,SO,), and neurons were impaled
using Narishige (Tokyo, Japan) micromanipulators (models M202 and
M204). The electrophysiological signals were amplified (Neuro Data am-
plifier, model IR-283), displayed on a digital storage oscilloscope (Philips
PM 3394), and recorded on a Gould chart recorder (model TA240S; Gould
Instruments, Valley View, OH).

Chemicals. Dopamine hydrochloride (10 ~° m; Sigma, Toronto, Canada)
was dissolved in normal saline (containing 1% Na-metabisulfate as an
antioxidant) and pressure ejected [model 5242 (Eppendorf Scientific,
Westbury, NY); 10-30 sec pulses, 6-10 psi, pipette tip diameter of 2-5 um]
directly onto the individual growth cones. The D, antagonist R(+)-SCH-
23390 HCI (Research Biochemicals, Natick, MA) and the D, antagonist
sulpiride (Research Biochemicals) were dissolved in distilled water to a
stock concentration of 10 2 M. Stock solutions were further diluted in
either sgline or DM and added to the bath for a final concentration of 10 ~*
or 107> M.

Dopamine detection from RPeD1 growth cones and somata. To detect
dopamine release from RPeD1 somata and growth cones, individually
isolated RPeD1 neurons were plated in CM and left overnight to extend
neurites. Freshly isolated target somata were subsequently introduced to
the culture dish and manipulated in close proximity to either the growth
cones or soma of RPeD1 (distance ranging from 50 to 500 wm). Both
neurons were impaled with sharp intracellular electrodes, and RPeD1 was
injected with depolarizing current to induce spiking activity (10-30 action
potentials). Nonsynaptic, electrophysiological responses were then re-
corded in the target somata and analyzed.

Growth cone—growth cone interactions. Either target or nontarget neurons
were plated in close proximity to RPeD1 cells. After outgrowth, the
behavior of both target and nontarget growth cones was monitored con-
tinuously for several hours, as they reached within a distance of 500 um
from the RPeD1 growth cones. To monitor the rate of growth cone
advance in the presence of the dopamine receptor antagonists, these were
added to the bath (final concentration of 10 > M) before the target or
nontarget growth cones reached the vicinity (500 wm) of the RPeDl1
growth cones. The growth cone behavior was monitored for at least 8 hr
after the addition of antagonists or until contact with the RPeD1 growth
cones was made.

RPeD1 somata as the source of dopamine release. Because both RPeD1
somata and growth cones generated very similar nonsynaptic responses in
the target “sniffer cells,” RPeD1 somata were used as a source of sponta-
neous dopamine release in some parts of the study. Specifically, individu-
ally isolated RPeD1 somata were maintained overnight in hemolymph-
coated dishes containing CM. This treatment prevented neuronal
adhesion to the substrate and resulted in complete resorption of the axon
stump. On the subsequent day, the spherical somata of RPeD1 were
introduced to the poly-L-lysine-coated culture dishes containing either
sprouted target or nontarget cells. A sharp intracellular glass micropipette
(dipped in a solution of 2% poly-L-lysine) was used to manipulate an
RPeD1 soma (the soma adhered to the pipette immediately on contact and
so no impalement was necessary) in close proximity of a growth cone. To
determine whether spontaneous dopamine release from an unstimulated
RPeD1 soma could induce growth cone turning, RPeD1 was placed within
50-200 pwm of either target or nontarget cell growth cones. Growth cone
behavior was monitored for 90-180 min for each growth cone. To test for
the specificity of growth cone turning either toward or away from the
RPeD1 somata, growth cone behavior was also monitored in the presence
of dopamine receptor antagonists, which were added before the manipu-
lation of the RPeD1 somata near to the growth cones.

Data collection and statistical analysis. Images were captured using a
Hitachi (Tokyo, Japan) CCD camera and were recorded on a Panasonic
(Secaucas, NJ) time-lapse video recorder (model AG-6720A). Thirty-five
millimeter photographs were taken using a Contax (Toronto, Canada)
camera mounted on a Zeiss (Oberkochen, Germany) Axiovert 135 in-
verted microscope. Growth cones were visually scored for a collapsed
morphology, and their rate of advance and turning angles were measured
using either the NIH Image program or Adobe Photoshop (Adobe Sys-
tems, San Jose, CA). Data were analyzed using Student’s ¢ test, and values
were expressed as either mean = SEM or as a percentage.

RESULTS

Growth cone interactions between RPeD1 and target
neurons resulted in synapse formation

To monitor growth cone interactions between presynaptic and
postsynaptic neurons, individually isolated somata of RPeD1 and
the target VI/ V] cells were plated in close proximity to each other.
Time-lapse recordings of the growth cone interactions were made,
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Figure 1. Target and nontarget growth cone motility rates were signifi-
cantly different when cocultured with RPeD1. Bar graph showing that the
growth cone motility rate was significantly increased (p < 0.0001) when
target cells were cocultured with RPeD1 (7 + RPeD1) compared with when
cultured alone (7). The growth cone motility rate, however, was signifi-
cantly reduced (p < 0.0001) when nontarget cells were cocultured with
RPeD1 (NT + RPeD1) compared with when cultured alone (NT'). There
was no significant difference (p > 0.05) in the growth cone motility rate of
target and nontarget cell growth cones cultured alone in the absence of
RPeD1.

and in some instances, at the same time as intracellular recordings
from the somata. The motility and the rate of target growth cone
advance were monitored, in either the presence or absence of
approaching RPeD1 growth cones.

We found that when cultured alone (in the absence of RPeD1),
the target cell growth cones advanced at a rate of 27.5 = 0.7 um/hr
(n = 20) (Fig. 1). However, as target growth cones approached
RPeD1 growth cones in coculture (within 300-500 wm), the
growth rate increased significantly to 59.5 = 2.3 um/hr (n = 34; ¢
test; df = 52; p < 0.0001). This increase in the rate of growth cone
advance was observed before any physical contact between the
presynaptic and postsynaptic growth cones. In 88% (n = 30 of 34)
of cases, the target cell growth cones eventually made physical
contact with the RPeD1 growth cones and grew along its neurites
(Fig. 2A-E). The remaining 12% of target growth cones, on the
other hand, either exhibited collapse or turned away from the
RPeD1 growth cones (n = 4 of 34).

To determine whether growth cone interactions between RPeD1
and the target cell growth cones resulted in synapse formation,
simultaneous intracellular recordings were made, both before and
after growth cone contacts. Electrical stimulation of RPeD1 did not
produce a detectable electrophysiological response in the postsyn-
aptic target cell, either before or immediately after physical contact
(n = 7). However, 50—60 min after contact, both spontaneous and
electrically induced action potentials in RPeD1 produced 1:1
IPSPs in all of the target cells tested (n = 13) (Fig. 2F). The
RPeD1-induced IPSPs were observed concomitant with the ap-
pearance of synaptic varicosities at the sites of cell-cell contact
(Fig. 2E). The above data demonstrate that RPeD1 growth cones
not only increased the rate of target cell growth cone advance from
a distance but that these growth cone interactions also resulted in
functional chemical synapses between the cells.

RPeD1 growth cones induced the collapse of nontarget
cell growth cones in vitro

In vivo, RPeD1 neurites are in close proximity to (Magoski and
Bulloch, 1997), but do not form chemical synapses with, many cells
(nontargets) in the right parietal and visceral ganglia. Furthermore,
when isolated in vitro, RPeD1 does not establish synaptic connec-
tions with these cells (Syed and Spencer, 1994). To determine
whether target cell selection by RPeD1 is determined in part by
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growth cone interactions, the nontarget cells were cultured in vitro,
and their growth cone behavior was monitored. We found that
when cultured alone, the nontarget cell growth cones advanced at
a rate of 29.8 = 0.6 um/hr (n = 24) (Fig. 1). In coculture experi-
ments however, when the nontarget cell growth cones reached the
vicinity of the growth cones of RPeD1 (300500 wm), their rate of
advance was significantly reduced to 16.9 = 1.2 um/hr (n = 23; ¢
test; p < 0.0001; df = 45).

On approach to the RPeD1 growth cones, the nontarget cell
growth cones collapsed, even before physical contact (n = 37) (Fig.
3). In instances in which nontarget cell growth cones did make
filopodial contact with the RPeD1 growth cones, they were also
induced to collapse (n = 23). However, when physical contacts
between RPeD1 and the nontarget growth cones did eventually
occur, no electrophysiological detectable synaptic potentials were
recorded from the cells, nor were any varicosities observed at the
points of contact (data not shown).

Growth cone collapse was often observed before contact with
growth cones of RPeD1. We therefore hypothesized that these
effects may involve a diffusible substance released from the growth
cones of RPeD1. Because RPeD1 growth cones have been shown
previously to release dopamine (Syed et al., 1996), we thus postu-
lated that the RPeD1 growth cone-induced effects on target and
nontarget cell growth cones were mediated by dopamine. To test
this hypothesis directly, we first sought to determine whether
dopamine release from the RPeD1 growth cones could be detected
at a distance of 50-500 wm.
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Figure 2. Growth cone interactions between
RPeD1 and a target cell resulted in synapse
formation. 4, A target cell growth cone (left)
approached a large RPeD1 growth cone
(right), and physical contact followed (B). The
target cell growth cone continued to grow
along the RPeD1 growth cone (C) and neu-
rite (D), eventually resulting in the appear-
ance of varicosities (E). Inset in E is a mag-
nified area showing the varicosities (arrows).
Scale bars: A-FE, 20 um; inset in E, 5 pm. F,
Spontaneous action potentials in RPeD1 in-
duced 1:1 IPSPs in the target cell. Calibra-
tion: 15 and 20 mV, 200 msec.

RPeD1 growth cones and somata released dopamine

To test whether RPeD1 growth cones could release dopamine in
cell culture, we first sought to determine whether RPeD1 was
spontaneously active and, if so, whether electrical activity would
result in transmitter release. RPeD1 neurons were cultured in CM
(either as single cells or cocultured with target and nontarget cells),
and the intracellular activity of RPeD1 was monitored for several
hours. We found that RPeD1 fired spontaneous and prolonged
bursts of action potentials throughout the recording period (mean
burst duration, 25.8 * 9.4 sec; interburst interval, 23.7 = 3.9 sec;
number of action potentials, 36.2 = 11.4; n = 6) (Fig. 4A4). To test
whether action potentials would result in transmitter release, a
previously established sniffer cell assay was used (Sun and Poo,
1987; Syed et al., 1996). Specifically, simultaneous intracellular
recordings were made from RPeD1 and a target soma, which was
held at a distance ranging from 50 to 500 um away (Fig. 4B).
Electrical stimulation of the RPeD1 soma (to produce fewer action
potentials than those observed during spontaneously occurring
discharges), induced characteristic nonsynaptic, inhibitory re-
sponses in the sniffer cells (Fig. 4C). These nonsynaptic responses
were reliably detected by the sniffer cell held up to a distance of 300
um away from either the RPeD1 growth cone (n = 15) or its soma
(n = 7). These nonsynaptic responses were completely blocked by
the D, receptor antagonist sulpiride (10 ~° m; n = 6 of 7) (Fig. 4D)
but were unaffected in the presence of the D, receptor antagonist
R(+)-SCH-23390 (10 > m; n = 7; data not shown). These data
strongly suggest that both the RPeD1 soma and growth cones
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Figure 3. RPeD1 growth cones induced the
collapse of a nontarget cell growth cone. A4,
RPeD1 and a nontarget cell were plated in close
proximity and extended neurites over a 24 hr
period. Scale bar, 75 um. The boxed area repre-
sents the magnified images in B—E. The nontar-
get growth cone approached within ~60 wm of
the RPeD1 growth (B, 15 min) and collapsed (C,
30 min). Scale bar, 30 wm. The nontarget cell
growth cone was fully collapsed at 60 min (D)
and recovered over the next 45 min (E). F,
Lower magnification demonstrating that the
nontarget growth cone did not contact RPeD1.

released dopamine, which could be detected by the sniffer cell at a
distance of several hundred micrometers away.

RPeD1-induced effects on target and nontarget growth
cones were mimicked by exogenous application
of dopamine

To determine whether RPeD1 growth cone-induced effects on
target cell growth cones were mimicked by dopamine, it was pres-
sure applied to the target cell growth cones in a pulsatile manner
(10-30 sec pulses, 10 ~> m). First, the effect of exogenous dopamine
was investigated on the growth rate of the target growth cones.
When the pressure pipette containing dopamine was placed in
front of an advancing growth cone, there was a 42.4% increase in
the growth rate, but this increase was not significant (p > 0.05; n =
9 growth cones from 5 cells). Next, we positioned the pipette at an
angle to the advancing growth cone to monitor any changes in the
outgrowth direction of the target growth cones. We found that in
six of the seven growth cones tested, the exogenous source of
dopamine induced positive turning toward the pipette over the
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monitoring period of 90-120 min (mean angle of turning, 32.8 *
7.0°) (Fig. 54-C). Although exogenous dopamine did not signifi-
cantly enhance the growth rate, it did nevertheless induce attractive
turning of the target growth cones toward the source of dopamine.

To define the dopamine-induced, positive turning response of
the target growth cones more precisely, we used the RPeD1 soma
as an endogenous source of dopamine release. The reason for this
is that the RPeD1 soma could be readily manipulated and posi-
tioned with ease (compared with unpredictable growth cone inter-
actions), either directly into the path or at an angle to an advancing
target growth cone (Fig. 6Ai, Bi, Ci). Thus, the effects of endog-
enously released dopamine could be examined more effectively on
a particular growth cone, in the absence of interactions from
neighboring RPeD1 growth cones.

RPeD1 somata were maintained overnight in hemolymph-coated
dishes containing CM (to prevent adhesion to the substrate) and
subsequently transferred to the culture dish containing the target
cells and manipulated in the vicinity of the target growth cones
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Figure 4. Dopamine release from the RPeD1 growth cone was detected by
the sniffer target soma. 4, An RPeD1 soma that was plated in CM was
spontaneously active and fired bursts of action potentials. B, A target cell
soma was juxtaposed near an RPeD1 growth cone. Scale bar, 50 um. C,
After electrical stimulation (arrowheads) of RPeD1 (bottom trace), a com-
pound IPSP was recorded in the target cell (top trace). Di, The stimulation
(arrowhead) of RPeD1 (top trace) resulted in a compound IPSPin a target
cell (bottom trace). Dii, In the presence of the D, antagonist sulpiride (10 >
M), there was no detectable response in the target cell after RPeD1
stimulation (arrowhead).

using a sharp-tipped pipette. We found that an unstimulated
RPeD1, placed at an angle to a target growth cone, induced
positive turning toward the RPeD1 soma (n =8 growth cones from

of the target growth cones was induced by spontaneous release of
dopamine from the RPeD1 somata. These data therefore show that
exogenously applied dopamine (pressure applied) and its sponta-
neous release from an RPeD1 soma exerted similar chemoattrac-
tive effects on the target cell growth cones.

We next sought to determine whether the RPeD1 growth cone-
induced effects on the nontarget growth cones were also mimicked
by exogenous dopamine. Dopamine (10 ~> M) was pressure applied
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Figure 5. Exogenous dopamine induced the positive turning of a target
cell growth cone. The outgrowth of a target cell growth cone was monitored
for 60 min (4, 60 min). Exogenous dopamine (10 ~> M) was pressure applied
at an angle to the target growth cone (starting at 60 min and applied in a
pulsatile manner for 3 min, repeated 3 times with 10 min intervals). B, At
90 min, the growth cone started to turn toward the dopamine source. C, The
target growth cone turned and grew in the direction of the exogenous
source of dopamine (135 min). Scale bar, 50 pwm.

(in a pulsatile manner) to the growth cones of nontarget cells, and
their behavior was monitored. Pressure application of dopamine
induced the collapse and halted the extension of all growth cones
tested (n = 29) (Fig. 74-C), whereas pressure application of the
vehicle solution (saline and 1% Na-metabisulfate) did not affect
growth cone motility or morphology (n = 5 of 5; data not shown).
To determine whether growth cone responses of the nontarget cells
to exogenous dopamine could also be mimicked by spontaneous
dopamine release from the RPeD1 soma, it was introduced to the
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Figure 6. An RPeD1 soma induced the positive
turning of a target cell growth cone, which was
inhibited in the presence of the D, antagonist.
RPeD1 somata were placed 75-100 pm away
(and at an angle) to advancing target cell growth
cones (A, Bi, 0 min). The target growth cones
began to turn toward the RPeD1 somata (A4ii, 90
min; Bii, 60 min) and continued to advance in the
direction of RPeD1 (A4, Biii, 120 min). C, The D,
antagonist sulpiride (10 > M) was added to the
bathing medium before the manipulation of the
RPeD1 soma (i, 0 min). In the presence of the
dopamine receptor antagonist, the growth cone
did not turn (i7, 60 min) and continued to ad-
vance on its original path (iii, 90 min). Scale bars:
A-C, 50 pm.

culture dish and manipulated as described above. We found that, in
all instances, the RPeD1 soma placed several hundred micrometers
away from the nontarget cell growth cone (Fig. 84i) induced
turning away (n = 7 growth cones from 6 cells; mean angle of
turning, 43.3 = 15.5°) (Fig. 8A4ii) and/or collapse (n = 8 of 8) (Fig.
8Aiii) of the nontarget growth cones. In no instances was contact
between the nontarget growth cones and the RPeD1 soma ob-
served (n = 8 of 8). To demonstrate further that these inhibitory
and chemorepulsive effects were indeed mediated by endogenous
dopamine release from RPeD1, the above experiments were per-
formed in the presence of the D, receptor antagonist R(+)-SCH-
23390 (10 > m). We found that, in the presence of R(+)-SCH-
23390, the RPeD1 soma failed to exert the chemorepulsive effects
(n = 11 of 11). That is, the nontarget growth cones did not turn
away from the RPeD1 soma (Fig. 8 B, ii) and continued to advance,
often resulting in physical contact with RPeD1 (Fig. 8 Biii).

The RPeD1 growth cone-induced collapse of the
nontarget growth cones was prevented in the presence
of the dopamine antagonist

The above data showed that exogenously applied dopamine and its
spontaneous release from the soma induced inhibitory (growth
cone collapse) and/or chemorepulsive (turning) effects on the non-
target growth cones. To test whether the RPeD1 growth cone-
induced effects on the nontarget growth cones also involved dopa-
mine release from the RPeD1 growth cones (and activation of the
D,-like receptor), growth cone interactions between the neurons
were examined in the presence of the D, antagonist. In coculture
experiments, RPeD1 growth cones induced the collapse of nontar-
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get cell growth cones (Fig. 94,B) and, immediately after the initial
collapse, the D, receptor antagonist was bath perfused (Fig. 9C).
Within 10 min of antagonist addition, the nontarget cell growth
cones recovered from their collapse, continued to advance, and
made physical contacts with the RPeD1 growth cones (n = 7) (Fig.
9D-F). It is important to note that previous studies have demon-
strated that nontarget cell growth cones collapsed up to 10 times
before physical contact with RPeD1 growth cones and neurites
(Spencer et al., 1998). Based on these observations, we hypothe-
sized that, in the presence of the D, receptor antagonist, the
RPeD1 growth cones would also fail to exert any initial inhibitory
effects on the nontarget cells. To test this possibility, the growth
cone interactions between the RPeD1 and nontarget growth cones
were also monitored in the continued presence of the D, receptor
antagonist. We found that, in the presence of R(+)-SCH-23390, no
initial growth cone collapse was observed (n = 12), and physical
contact was made between the nontarget and RPeD1 growth cones
(n = 10 of 12). Simultaneous electrophysiological recordings made
from both RPeD1 and the nontarget somata did not reveal synaptic
connections between the cells (tested up to 24 hr after contact).
These data strongly suggest that dopamine regulates cellular func-
tions in the nontarget cells that are distinct from those involved in
transsynaptic communication.

The RPeD1 growth cone-induced effects on the motility
rate of target and nontarget growth cones were blocked
by the dopamine antagonists

To investigate whether the effects of RPeD1 growth cones on both
target and nontarget growth cone motility rates were also mediated
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Figure 7. Exogenous dopamine application induced the_collapse of the
nontarget cell growth cone. A, Exogenous dopamine (10 > M) was applied
via a pressure pipette placed in close proximity to the nontarget growth
cone. B, Immediately after application, the growth cone collapsed and
retracted over a short distance. C, After removal of dopamine, the mor-
phology of the growth cone recovered fully. Scale bar, 30 um. Frames are
15 min apart.

by dopamine, the growth cone interactions were analyzed in the
presence of the dopamine receptor antagonists. RPeD1 was cocul-
tured with either target or nontarget cells, and the growth cone
interactions were monitored in the presence of sulpiride and R(+)-
SCH-23390, respectively (Fig. 10). In sulpiride (10 ~> m), the target
cell growth cones advanced at rate of 32.7 = 1.4 um/hr (n = 8
growth cones from 8 cells). These values were significantly different
(¢ test; p < 0.0001; df = 40) from those obtained when cocultured
with RPeD1 in the absence of the antagonist. Thus, the RPeD1
growth cone-induced enhancement of target growth cone rate was
inhibited in the presence of the dopamine receptor antagonist.
Similarly, the RPeD1 growth cone-induced inhibitory effects on the
motility rates of the nontarget growth cones were undetectable in
the presence of R(+)-SCH-23390 (n = 20 growth cones from 10
cells). That is, the nontarget cell growth cones advanced at a rate
of 32 = 0.6 wm/hr in the presence of the dopamine receptor
antagonist, which was significantly different from previous values
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obtained in coculture with RPeD1 in the absence of the antagonist
(¢ test; p < 0.0001; df = 41). These data show that both the growth
permissive and inhibitory effects of RPeD1 growth cones on the
target and nontarget cell growth cones, respectively, were pre-
vented by the dopamine receptor antagonists and strongly suggest
that the effects were mediated by endogenously released dopamine
from the growth cones of RPeD1.

DISCUSSION

This study provides evidence that transmitter-receptor interactions
between growth cones of identified Lymnaea neurons may play an
important role in determining the specificity of target cell selection
in the nervous system. We demonstrated that spontaneous release
of dopamine (as well as exogenous application) acted as a chemoat-
tractant and exerted positive turning effects on the target cells of
RPeD1. Other in vitro studies have demonstrated that neuronal
growth cones can detect gradients of chemoattractants, which in-
clude neurotrophins (Gallo et al., 1997; Ming et al., 1997a) and
neurotransmitters (Zheng et al., 1994, 1996). These previous data,
together with ours, suggest that chemoattractant molecules may
attract incoming neurites from their synaptic partners over dis-
tances of hundreds of micrometers (Zheng and Kuffler, 2000) and
may facilitate target cell selection and synapse formation during
development. This hypothesis is consistent with previous studies
that have demonstrated the release of various chemotropic mole-
cules (Pini, 1993), such as netrins (Colamarino and Tessier-
Lavigne, 1995; Tessier-Lavigne and Goodman, 1996) and sema-
phorins (Messersmith et al., 1995; Puschel, 1996) in the developing
nervous system. In addition to its role as a chemoattractant in our
study, dopamine also served as a chemorepellent for nontarget
growth cones. Netrin-1 has also been shown to act as both a
chemoattractant and chemorepellent (Colamarino et al., 1995).
Furthermore, different members of the semaphorin protein family
act as attractive (Sema3C) and repulsive (Sema3A) guidance mol-
ecules for cortical neurons (Bagnard et al., 1998, 2000), effects that
are also mediated by different classes of receptors (Bashaw and
Goodman, 1999).

The data presented in this study also provide evidence that a
chemoattractive or repellent molecule, such as dopamine, may
significantly change the rate of growth cone motility. For instance,
release of transmitter from the RPeD1 growth cones approximately
doubled the motility rate of target growth cones, whereas the
motility rate of the nontarget cell growth cones was significantly
reduced. A similar, semaphorin-induced regulation of growth cone
advance rate was also observed recently in cortical neurons. Spe-
cifically, this study showed that Sema3A reduced the average rate
of cortical growth cones by approximately half, whereas in the
presence of Sema3C, the rate of growth cone advance was signifi-
cantly enhanced (Bagnard et al., 2000). Our studies therefore
demonstrate that the neurotransmitter-induced effects on growth
cone behavior are in many ways similar to those exerted by other
chemoattractants and repellents in the vertebrate nervous system.
Our data, however, provide the first direct evidence that neuro-
transmitter release from a growth cone acts as a growth regulatory
signal in a cell-specific manner.

Endogenous dopamine, released from the RPeD1 growth cones
produced changes in growth rate, whereas release from the RPeD1
soma induced growth cone turning (of both target and nontarget
growth cones). Both of these growth regulatory effects were, how-
ever, inhibited in the presence of the dopamine receptor antago-
nists, indicating that they were indeed mediated by dopamine. It is
unclear as to why the endogenously released transmitter produced
different effects and also why exogenously applied dopamine mim-
icked the soma-induced turning of target growth cones but had no
significant effect on the rate of growth cone advance. We postulate,
however, that these differing effects of dopamine may have resulted
from either varying quantities of transmitter released (or applied)
or differential diffusion gradients.

Neurotransmitter-induced growth cone collapse has been sug-
gested previously to act as a growth “arrest” signal that precedes
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Figure 8. An RPeD1 soma induced the turning
away and collapse of a nontarget growth cone, which
was prevented by the D, antagonist. 4, An RPeD1
soma was placed in the path of a nontarget growth
cone (i, 0 min), which subsequently turned away from
RPeD1 after 30 min (ii). The RPeD1 soma was again
manipulated using a pipette (highlighted by dashed
lines) directly into the path of the growth cone
(movement indicated by arrow). This resulted in the
collapse of the nontarget growth cone (iii, 70 min). iv,
Recovery of the growth cone at 110 min. Scale bar, 50
pm. B, The D, receptor antagonist was added to the
bath, and an RPeD1 soma was placed in the path of
a different nontarget growth cone (i, 0 min). In the
presence of the antagonist, the nontarget growth
cone continued to advance (i, 60 min) until contact
with the RPeD1 soma occurred at 120 min (iif). Scale
bar, 50 pum.

Figure 9. The RPeD1 growth cone-induced col-
lapse of the nontarget growth cone was prevented by
the D, receptor antagonist. The nontarget cell
growth cone (bottom) collapsed on approach to an
RPeD1 growth cone (4, B). The D, receptor antag-
onist was bath perfused (C), and the growth cone
recovered and advanced toward the RPeD1 growth
cone, making physical contact (D-F). Frames are 15
min apart.

synapse formation (Lauder, 1993). Our data support an additional
mechanism, that the neurotransmitter-induced collapse may pre-
vent contact between neurons. Transmitters may thus act as long-
range signaling molecules by reducing growth cone motility and/or
inducing growth cone collapse and preventing contact between
inappropriate synaptic partner cells. The neurites of the nontarget
cells lie in close proximity to the neurites of RPeD1 in vivo. It is
therefore possible that dopamine release during development of
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the Lymnaea nervous system may play a role in preventing physical
contact and/or synapse formation between the inappropriate syn-
aptic partners. Our sniffer cell assay (target soma) was able to
reliably detect dopamine release from either the RPeD1 somata or
its growth cones at a distance of up to 300 wm but not at 500 wm.
It is likely, however, that growth cones are more sensitive to
gradients of diffused transmitters than somata, and our data sug-
gest that they detect transmitters at distances of up to 500 um.
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Figure 10. The RPeDl-induced changes in growth cone motility rates
were blocked in the presence of the dopamine receptor antagonists. Bar
graph showing that the RPeD1-induced changes in growth cone motility
rates of both target and nontarget cells were blocked in the presence of the
D, and D, receptor antagonists, respectively.

Collapse of the nontarget growth cones was also observed after
physical contact with RPeD1, and hence the involvement of
membrane-bound molecules in contact-mediated collapse cannot
be ruled out.

How is it possible that a specific molecule can exert opposing
effects, on either growth cones of different cell types or the same
growth cone? The specificity of a growth cone response to any
given cue (Mueller, 1999) is thought to depend on both the nature
and extent of the second messenger cascades that it activates (Kuhn
et al., 1999; Rose and Chiba, 1999). Although many different
signaling cascades are involved in the regulation of growth cone
behavior, the most important of these appear to involve cytosolic-
free calcium (Mattson and Kater, 1987; Kater and Mills, 1991),
G-proteins (Igarashi et al.,, 1993; Spencer et al., 1998), cAMP
(Mattson et al., 1988; Lohof et al., 1992, Ming et al., 1997b), cyclic
nucleotides (Song et al., 1998), and Ca/calmodulin-dependent pro-
tein kinases (Zheng et al., 1994). The precise signaling mechanisms
responsible for the differential effects of dopamine on both target
and nontarget growth cones are currently unknown. Because the
dopamine-induced growth-permissive and -suppressive effects on
both target and nontarget cells were prevented by the D, and D,
antagonists, respectively, the specificity of the growth cone re-
sponse to dopamine may be achieved at either the level of the
transmitter receptor or the second messenger cascade.

Neurotransmitters may also exert their morphogenic effects by
altering the electrophysiological properties (firing rate or mem-
brane potential), which might in turn alter internal Ca®* ho-
meostasis. Exogenous dopamine does not generate an electrophys-
iological response in these nontarget cells, suggesting that a change
in membrane potential alone could not account for the dopamine-
induced modulation of growth cone behavior. We have demon-
strated previously that, when challenged with a nontarget cell that
possesses functional dopamine receptors and exhibits sensitivity to
exogenous dopamine, RPeD1 did not form a synaptic connection
with this neuron (Feng et al., 1997). These data suggest that the
mere presence of functional dopamine receptors on growth cones
is not sufficient for synapse formation. Rather, it is likely that these
transmitter receptors serve a developmental and/or regenerative
function as opposed to a transsynaptic communicative role. This
notion is supported by previous studies that have shown that
various transmitters (such as GABA) and their receptors can serve
many developmental functions in addition to their involvement in
synaptic physiology (Cherubini et al., 1991).

If transmitter-receptor interactions are important for axonal
pathfinding and target cell selection in the developing nervous
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system, what are the mechanisms underlying such interactions?
Because the millions of growth cones en route to their targets are
believed to encounter a highly complex environment containing
many different guidance cues, it is difficult to envisage how a single
developing neuron and its growth cones would express receptors
for each and every neurotransmitter that it might encounter. It is
feasible, however, that the expression of various receptors might be
differentially regulated. Consistent with this idea are data that
show that receptors for dopamine (Lankford et al., 1987) and
serotonin (Daval et al., 1987) are expressed only transiently on
certain neurons during development. In addition to transient re-
ceptor expression, it is possible that nonsynaptic expression of
receptors may occur during neurite outgrowth and development.
That is, receptors that are not coupled to membrane ion channels
but to cytoskeletal components may play a role in neurite guidance
and pathfinding. Our data, which demonstrated that a nontarget
cell growth cone responded to dopamine in the absence of an
electrophysiological signal, is consistent with this notion.

In summary, this study provides evidence that transmitter—
receptor interactions between growth cones of specific neurons
play an important role in growth regulation, which leads to target
cell recognition and subsequent synapse formation. We propose
that transmitters released from growth cones may act as distant
cell—cell recognition signals, such that diffused transmitter from a
presynaptic neuron might attract growth cones from its potential
synaptic partners, while repelling the growth cones of nontarget
cells. Together with previous studies, our data thus underscore the
importance of transmitters and their receptors in target cell selec-
tion during development.
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