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Retinoic acid induces neurite outgrowth and growth cone turning in
invertebrate neurons
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Abstract

Identification of molecules involved in neurite outgrowth during development and/or regeneration is a major goal in the field of neuroscience.
Retinoic acid (RA) is a biologically important metabolite of vitamin A that acts as a trophic factor and has been implicated in neurite outgrowth
and regeneration in many vertebrate species. Although abundant in the CNS of many vertebrates, the precise role of RA in neural regeneration has
yet to be determined. Moreover, very little information is available regarding the role of RA in invertebrate nervous systems. Here, we demonstrate
for the first time that RA induces neurite outgrowth from invertebrate neurons. Using individually identified neurons isolated from the CNS of
Lymnaea stagnalis, we demonstrated that a significantly greater proportion of cells produced neurite outgrowth in RA. RA also extended the
duration of time that cells remained electrically excitable in vitro, and we showed that exogenously applied RA acted as a chemoattractive factor
and induced growth cone turning toward the source of RA. This is the first demonstration that RA can induce turning of an individual growth
cone. These data strongly suggest that the actions of RA on neurite outgrowth and cell survival are highly conserved across species.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

Retinoic acid (RA) is a naturally occurring, active metabolite
of vitamin A that has recently been described as a trophic factor
capable of inducing neurite outgrowth (Hunter et al., 1991;
Maden et al., 1996; Corcoran et al., 2002). It is a small non-
proteinaceous, lipophilic molecule that diffuses into cells and
acts on ligand-activated transcription factors to influence gene
activity. These transcription factors include the retinoic acid
receptors (RARs) and the retinoid X receptors (RXRs), and the
target genes include cell surface molecules, neurotrophins,
cytokines, as well as the retinoid receptors themselves (reviewed
in Gudas et al., 1994; Mey and McCaffery, 2004). Alteration in
gene expression in turn contributes to neuronal outgrowth during
development and regeneration. For example, RA increases axo-
nal outgrowth from embryonic spinal cord (Wuarin et al., 1990;
Maden et al., 1998), dorsal root ganglia (DRG) (Corcoran et al.,
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2000), cerebellum (Yamamoto et al., 1996) and sympathetic
ganglia (Plum et al., 2001) in vitro. RA also promotes axonal
regeneration from differentiated spinal cord neurons in adult
newts (Prince and Carlone, 2003; Dmetrichuk et al., 2005) and in
synergy with some neurotrophins, induces outgrowth from
differentiated retinal ganglion cells (Mey and Rombach, 1999).
Many growth factors that promote neurite extension are also
thought to guide developing and/or regenerating neurites by
inducing growth cone turning (Song et al., 1997; McFarlane and
Holt, 1997). In addition to inducing neurite outgrowth, RA has
recently been implicated as a chemotropic molecule, guiding
neurite outgrowth from dissociated cultures of embryonic chick
neural tube (Maden et al., 1998), as well as the regenerating adult
newt spinal cord in vitro (Dmetrichuk et al., 2005).

It has previously been shown that many factors that function
in a trophic or chemotropic manner in vertebrates do so also in
invertebrates (Tessier-Lavigne and Goodman, 1996). Specifi-
cally, it is now well established that various axon guidance mo-
lecules such as semaphorins, netrins, slits and ephrins, as well as
their respective receptors, are phylogenetically well conserved
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and exhibit similar functional properties in vertebrates and
invertebrates (Goodman, 1994; Garbe and Bashaw, 2004). RA
has been shown to exert morphogenic effects during develop-
ment in invertebrates (Créton et al., 1993), suggesting that the
actions of RA are conserved across species. However, whether
RA can induce neurite outgrowth or exert chemotropic effects in
invertebrate neurons has not yet been studied.

Here, we aim to take advantage of a molluscan neuronal
culture system to determine the role of RA in neurite outgrowth
and growth cone turning during regeneration. The CNS of the
pond snail Lymnaea stagnalis has previously proven a useful
model system for the study of regeneration, neurite outgrowth
and growth cone guidance (Syed et al., 1990, 1992; Spencer
et al., 1996, 2000; Wildering et al., 2001). Neurons in the adult
brain can regenerate in vivo (Syed et al., 1992) as well as in vitro
(Syed et al., 1990). When single identified neurons are isolated
from the adult CNS and plated in cell culture and provided with
the appropriate trophic support, they can regenerate their neuritic
processes. In this study, we isolated single identified Visceral F
(VF) neurons from the adult central nervous system (CNS) and
investigated whether RA induces neurite outgrowth and/or
growth cone turning from these cells in vitro. We have shown for
the first time that RA is capable of inducing neurite outgrowth
from cultured invertebrate neurons as well as extending the du-
ration of time that the cells remain electrically excitable in vitro.
We have also shown for the first time in any species that RA can
attract and induce turning of a single identified growth cone in
vitro.

Materials and methods

Cell culture

L. stagnalis were laboratory bred, kept in aerated, artificial pond water and
fed lettuce. All cell culture procedures were performed as described previously
(Syed et al., 1990; Spencer et al., 2000). 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 (L-15 derived) defined medium (DM) (Ridgway et al., 1991).
The connective tissue sheath surrounding the ganglia was removed using a pair
of fine forceps, and identified Visceral F (VF) somata were individually
extracted by applying gentle suction via a fire-polished pipette. The individually
identifiable neurons were then plated directly on poly-L-lysine-coated dishes
containing DM or (where stated) brain-conditioned medium (CM) (Wong et al.,
1981). In DM alone, Lymnaea neurons do not normally extend neurites (Spencer
et al., 1996), but regenerate their processes if cultured in CM (Syed et al., 1990;
Spencer et al., 2000). CM contains many (as yet unidentified) trophic factors.

All-trans RA (Sigma, Toronto, Canada) was dissolved in absolute ethanol
(EtOH) and added to the culture dishes to give a final bath concentration of
10−7 M RA. This concentration has previously been shown effective in inducing
neurite outgrowth in vertebrate preparations (Maden et al., 1998; Corcoran and
Maden, 1999; Dmetrichuk et al., 2005). Control dishes contained equivalent
concentrations of EtOH in DM (0.001% EtOH) or DM alone. RA or EtOH was
added by an experimenter other than that who isolated the neurons. All dishes
were placed in the dark immediately following addition of RA or EtOH and were
maintained at 22°C.

Analysis of neurite outgrowth

In order to analyze the effects of RA on the induction of neurite outgrowth,
cells were plated in DM only (in the absence of brain-conditioned medium and
thus the absence of any other trophic factors). Neurite outgrowth from cells
incubated in RA, control vehicle or DM alone was scored 2, 3 and 4 days after
plating. Cells were viewed with an inverted microscope (Zeiss Axiovert 200),
and time-lapse imaging/software (Northern Eclipse) was used to monitor and
analyze the extent of neuronal outgrowth. In order to be included in the analysis,
neurons must have adhered to the culture substrate (in the absence of adhesion,
no outgrowth would occur). The number and length of primary neurites
emerging from each neuron were monitored at each time point. A 2-way
repeated measures analysis of variance (2-way RM ANOVA) and Dunn's
(Bonferroni corrected) post hoc test were used to determine statistical
significance in the number and length of neurites in RA versus control
conditions. Chi-squared tests were used to determine significance in the number
of cells that produced outgrowth in each condition.

Electrophysiology

For intracellular recordings, conventional electrophysiological techniques
were used as described previously (Syed et al., 1990; Spencer et al., 2000). Glass
microelectrodes (resistance 20–40 MΩ) containing a saturated solution of
K2SO4 were used to impale the neurons. The electrophysiological signals were
amplified (IR-283, Cygnus Technology) and displayed using a data acquisition
system designed by T. MacDonald (Brock University Electronics Department).
Recordings were made from cultured neurons plated in RA, EtOH or DM. For
some analyses, different cells were impaled on days 2, 3 and 4 of culture. A
2-way ANOVA and Bonferroni post hoc analysis were performed to compare
resting membrane potentials of the cells between groups over time. Results were
expressed as mean ± SEM, and differences were deemed significant if P < 0.05.
Chi-squared tests were performed to compare the number of cells that fired
action potentials following incubation in RA versus EtOH control. In a separate
set of experiments, the same cells were impaled on day 2 and day 6 of culture.
However, only cells that fired on day 2 (spontaneous, or in response to current
injection) were analyzed again on day 6. The person performing the elec-
trophysiological recordings was unaware of the cell culture conditions (RA
versus controls). Cells were assessed for their ability to fire spontaneous or
induced action potentials (0.1 to 0.5 pA depolarizing current injection). Chi-
squared tests were performed to compare the number of cells that fired action
potentials following incubation in RA versus EtOH control. Results were
expressed as percent cells fired, and differences were deemed significant if
P < 0.05.

Growth cone turning assays

For growth cone turning assays, cells were cultured either in DM or CMwith
RA (10−7 M final bath concentration). Growth cones were monitored for at least
1 h prior to exposure to a local gradient of RA. A pipette containing RA (10−5 M;
Sigma, Toronto, Canada) was placed in close proximity (approximately 150 μm)
to the growth cone, and RAwas pressure ejected using an Eppendorf–Femtojet
(10 min continuous pulses at 6–15 hPa, with 5 min between, for 1.5–3 h; pipette
tip diameter: 3–7 μm). For control experiments, an equivalent concentration of
the vehicle solution (0.1% EtOH in DM), or DM alone, was focally applied in
the same manner as RA. In some experiments, the direction of the source of RA
was switched from one side of the growth cone to the other following initial
turning of the growth cone (within 1–2 h). Images were captured, and growth
cone turning was analyzed using Northern Eclipse Software. Data were analyzed
using a one-way ANOVA and Bonferroni's post hoc test.
Results

In order to determine whether RA could induce neurite out-
growth from isolated molluscan neurons, individually identified
Visceral F (VF) neurons were isolated from the Lymnaea CNS
and plated in DM in the presence or absence of RA (10−7 M).
This concentration was previously used to examine RA's effects
on eye formation in Lymnaea (Créton et al., 1993) and has
proved effective in inducing neurite outgrowth from vertebrate
preparations (Maden et al., 1998; Corcoran and Maden, 1999;
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Dmetrichuk et al., 2005). Neurite outgrowth was monitored and
assessed 2, 3 and 4 days after initial plating, and both the number
and length of primary neurites extending from all cells (whether
grown or not) were initially analyzed.

RA induced neurite outgrowth in a time-dependent manner

A 2-way RM ANOVA of the number of primary neurites
from RA-treated, vehicle-treated cells and DM only controls
revealed a significant interaction effect (F(312,4) = 6.02;
P = 0.0001). Post hoc analysis revealed that the mean number
of primary neurites was significantly greater in cells treated with
RA (n = 49) than EtOH-treated controls (n = 54) or DM only
controls (n = 56) at every time point (2, 3 and 4 days; P < 0.01;
Fig. 1A). Furthermore, the RA-treated cells showed a time-
dependent increase in the number of neurites per cell from day 2
to day 4 (P < 0.01). In addition to the number of primary neurites,
the length of neurites was analyzed and a 2-way RM ANOVA
showed a significant interaction effect (F(312,4) = 29.46;
Fig. 1. Retinoic acid significantly increased neurite outgrowth. All cells plated
in either RA or control (EtOH, DM only) conditions were assessed for
neurite outgrowth (whether grown or not). Cells cultured in 10−7 M RA (n = 49)
showed significantly more outgrowth than cells cultured in vehicle alone
(n = 54) or DM only (n = 56). (A) The number of primary neurites/cell was
significantly greater on days 2, 3 and 4 in RA compared to controls. (B) The
length of primary neurites/cell was also significantly greater on days 2, 3 and
4 in RA compared to controls. **P < 0.01. There were no significant differences
(P > 0.05) in either the number or length of neurites between EtOH and DM at
any time points.
P < 0.0001). Post hoc analysis demonstrated that RA also
induced significantly longer neurites than EtOH and DM con-
trols at every time point (2, 3 and 4 days; P < 0.01; Fig. 1B).
A time-dependent increase in the length of neurites from day 2
to day 4 was also observed in RA-treated cells only (P < 0.01).
There were no significant differences (P > 0.05) between either
the number or length of neurites in the EtOH control con-
dition compared to the DM control condition at any time point
(Figs. 1A and B).

The above data clearly indicate that, when all cultured cells
were analyzed (regardless of whether they produced outgrowth
or not), neurite outgrowth from cultured Lymnaea neurons was
significantly greater in RA compared to vehicle or DM controls.
However, we next needed to determine whether RA was
inducing or enhancing the outgrowth from cells.

In order to determine whether RA was inducing more out-
growth from cells, we counted the number of individual cells
that exhibited outgrowth after either 2, 3 or 4 days in culture.
We found that significantly more VF cells exhibited neurite
outgrowth in RA at each time point than in EtOH or DM
control conditions (P < 0.0001). Representative examples of
cells cultured in each condition are shown in Fig. 2A. The
values for the number of cells that grew on day 2 are shown in
Fig. 2B (RA: 89.8%, n = 44 of 49; EtOH: 29.6%, n = 16 of 54;
DM: 30.4%, n = 17 of 56; Chi-square: P < 0.0001). There was no
significant difference between number of cells grown when
cultured in EtOH versus DM alone at any time point (Chi-
square: P > 0.05).

For this next part of the study, we wanted to determine
whether RA enhanced outgrowth over time. We thus analyzed
the growth only from cells that had produced outgrowth in RA or
in either of the control conditions and analyzed the number and
length of neurites at each time point. First of all, the 2-way RM
ANOVA and post hoc analyses again showed that there were no
significant differences between the length of neurites between
control cells in EtOH versus those in DM at any time point
(P > 0.05). However, when length of neurites was analyzed
between RA and controls (Fig. 3A), a significant interaction
effect was observed [F(166,4) = 7.12; P < 0.0001]. Fig. 3A
shows that the length of neurites was significantly greater in RA
(n = 45) versus EtOH (n = 20) and DM controls (n = 21) on days
3 and 4 (P < 0.01). There was also a time-dependent increase in
length of neurites from day 2 to day 4 in RA only (P < 0.01).
Furthermore, there was a significant difference in the number of
neurites between RA and EtOH or DM controls on Day 4
(P < 0.05), as well as a significant time-dependent increase in the
number of neurites in RA (P < 0.01; Fig. 3B). Fig. 4 shows a
representative example of outgrowth from an RA-treated cell on
day 2 (Ai), 3 (Aii) and 4 (Aiii), as well as representative exam-
ples of cells in EtOH (Fig. 4B) and DM only (Fig. 4C) that
produced some neurite outgrowth on days 2, 3 and 4.

These data thus show that RA both induced outgrowth and
enhanced the outgrowth from cultured neurons. Firstly, we
showed that more cells regenerated neuritic processes in RA
than in either control condition. Once cells had produced neurite
outgrowth, RA significantly enhanced the length and number
of these neurites over time. Due to this latter result, we



Fig. 2. More cells produced outgrowth in RA. (A) Representative examples of a cell showing outgrowth in RA (i), but not in EtOH (ii) or DM alone (iii). (B) Graph
showing that the percentage of cells producing neurite outgrowth in RA on day 2 (10−7 M) was significantly greater than the percentage of cells producing outgrowth in
vehicle control (EtOH) or DM alone. In RA, 44 of 49 cells produced outgrowth, in EtOH, 16 of 54 produced outgrowth, whereas in DM 17 of 56 cells produced
outgrowth by day 2. ***P < 0.0001.
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hypothesized that RA may be maintaining the viability of these
neurons for longer periods in culture. To test this hypothesis, we
next used electrophysiological techniques to determine whether
cells treated in RA were more viable at each time point, com-
pared to controls.

Cells retain their electrical excitability in RA over time

For this part of the study, a separate group of VF neurons was
isolated and plated in DM, either in the presence or absence of
RA (10−7 M). Standard intracellular recording techniques were
used to determine whether RA prolonged the “viability” of these
neurons in cell culture. Viability was assessed only from the
measure of resting membrane potential (RMP), as well as the
ability to retain electrical excitability (the ability to fire action
potentials) over time. Initially, in the first series of experiments,
different VF neurons were recorded at each time point (in order
to avoid potential damage incurred from previous impalements
of the cells at earlier time points). Different cells were thus used
for recordings at 2, 3 and 4 days in vitro.

A two-way ANOVA and post hoc analysis of RMP values
showed both a significant difference between RA and vehicle
control groups (between-group effect: (F(57,1) = 12.59;
P < 0.001) as well as a significant effect over time (within-
group effect: (F(57,2) = 6.425; P < 0.01). That is, post hoc
analysis showed that cells treated with RA had more negative
RMPs than controls both on day 2 (RA n = 11, EtOH n = 7;
P < 0.05) and day 4 (RA n = 12, EtOH n = 9; P < 0.01) (Fig.
5A). Control cells also showed a significant decline in RMP
from day 3 (n = 8) to day 4 (n = 9; P < 0.05), which was not
observed in the RA-treated cells (P > 0.05). When electrical
excitability of these same VF cells was assessed, a Chi-squared
test revealed that more cells fired action potentials (spontaneous
or induced firing) after treatment with RA versus the EtOH
controls, both on day 3 (χ2 = 6.35, P < 0.05) and day 4 of culture
(χ2 = 10.52, P < 0.01; Fig. 5B). Of the 11 cells in RA that fired
APs on day 4, 4 cells exhibited spontaneous firing compared to 2
cells in the vehicle control (EtOH). We also compared the EtOH
controls to cells in DM only and found no significant difference
between the number of cells firing (spontaneous or induced
firing) in EtOH compared to DM (n = 2 of 9) on day 4 of culture
(χ2 = 0.00, P > 0.05).

These data strongly suggest that, following incubation in RA,
the VF neurons were less susceptible to physiological impair-
ment and retained their electrical excitability over a longer
period of time in vitro. However, one potential drawback of this
experiment was that different cells were used for recordings on
different days. We could therefore not be certain whether cells
that failed to fire on day 4 had initially been “viable” on day 2 of
culture.

In the next series of experiments (using a different group of
VF cells), we thus aimed to determine whether cultured cells
that were capable of firing on day 2 were also capable of firing
for extended periods of time in RA. We also extended the time
frame of recordings to determine the extent of the RA effect and
recorded from neurons on day 2 and then again from the same
neurons on day 6 of culture. VF cells were again plated in DM,
in the presence or absence of RA. All cells were analyzed at day
2, but only cells that fired action potentials on day 2 (spon-
taneous or induced firing) were tested again on day 6. On day 2,



Fig. 3. RA increased the length and number of neurites compared to controls.
When only cells that had grown in either condition were analyzed separately, it
was found that the length (A) and the number (B) of neurites in RA (10−7 M) on
day 4 were significantly greater than that of vehicle controls. RA also produced a
time-dependent increase in both the length and number of neurites. N values
represent cells grown by day 4. **P < 0.01, *P < 0.05.

43J.M. Dmetrichuk et al. / Developmental Biology 294 (2006) 39–49
we found that 66.7% of cells (10 of 15) spontaneously fired in
RA, whereas the remaining 5 cells required current injection to
induce firing. However, only 35.7% of cells (5 of 14) cultured in
EtOH showed spontaneous firing on day 2; the remaining 9
cells required current injection to induce firing.

By day 6, we found that RA-treated cells were more likely to
fire (spontaneous or induced) action potentials than controls
(RA: n = 10 of 15; Controls: n = 4 of 14; χ2 = 4.209, P < 0.05).
Fig. 6Ai illustrates a representative electrophysiological record-
ing obtained from a VF cell cultured in 10−7 M RA after 2 days
and 6 days in vitro. The cell fired (induced) action potentials at
both times points following the injection of depolarizing cur-
rent. In the absence of RA (Fig. 6Aii; vehicle control), a cell
fired action potentials on day 2 but failed to fire action potentials
in response to depolarizing current injection on day 6. Of the
cells that fired on day 6, we also determined that significantly
more RA-treated cells (n = 8 of 15) retained spontaneous
electrical excitability (i.e., spontaneous firing) than controls
(n = 1 of 14) (χ2 = 9.6, P < 0.01; Fig. 6B). When the outgrowth
from these spontaneously active cells were analyzed, 62.5% (5
of 8) exhibited outgrowth in RA. The control cell (1 of 14) that
fired spontaneously on day 6 in EtOH had not produced out-
growth. Furthermore, we found no significant difference bet-
ween whether cells that had produced outgrowth fired action
potentials on day 6 in either RA or EtOH (χ2 = 0.60; P > 0.05).
Thus, it appears from these data that, though RA promoted the
retention of spontaneous firing by day 6, this effect appeared to
be independent of the presence of neurite outgrowth.

RA directed neurite outgrowth by inducing growth cone
turning

The above data strongly suggest that RA exerted a trophic
effect on VF cells by both inducing neurite outgrowth and
extending the duration of electrical excitability of the cells in
culture. There is evidence in the literature to suggest that many
neurotrophic factors that promote survival and/or neurite out-
growth also act as chemotactic molecules during axon guidance
(McFarlane and Holt, 1997). We next aimed to determine
whether RAwas capable of inducing growth cone turning of VF
neurons in vitro.

VF neurons were cultured in RA and CM and following
outgrowth (1 to 3 days) were tested for growth cone turning in
response to an exogenous source of focally applied RA. Growth
cones were first monitored for at least 1 h to ensure that no
spontaneous changes in direction occurred. Exogenous RA
(10−5 M) was then locally applied in a pulsatile manner to an
individual VF growth cone, using a pipette positioned at an angle
to the advancing growth cone (Fig. 7Ai). We found that RAwas
able to induce growth cone turning toward the source of RA
(n = 7; Figs. 7Aiii, Aiv), whereas control applications of EtOH
(n = 12) or DM only (n = 10) did not induce positive turning. As
CM contains unidentified brain-derived trophic factors, we also
repeated the above experiments in DM and showed that there
were no apparent differences in the ability of RA to direct neurite
outgrowth in either DM (mean = 64.3°, n = 3) or CM
(mean = 66.9°, n = 7). When the DM and CM data were
combined, we found that the mean angle of turning induced by
RAwas 66.1° (n = 10), whereas after control EtOH applications,
it was −15.8° (n = 12) and −16.8° for DM applications (n = 10).
A one-way ANOVA followed by post hoc analysis showed a
significant difference in angle of turning between RA and both
EtOH and DM controls (P < 0.0001), but no significant diffe-
rence between EtOH and DM controls (P > 0.05). The individual
turning angles for each growth cone in all conditions are graphed
in Fig. 7B.

We next tested whether RA could re-direct the turning of the
growth cone if the source of the RAwas switched from one side
of the growth cone to the other. Initial turning of the growth
cone to RA (10−5 M) was produced within 1–3 h of RA
application. Once an initial turning of the growth cone had been
induced (mean angle of turning: 26°, n = 3 of 3), the RA was
immediately applied from the opposite side of the growth cone.
Following application of the RA from the opposite side of the
growth cone, each growth cone tested subsequently changed its
direction of outgrowth and again turned toward the source of
RA (mean angle of turning toward RA: 48°, n = 3 of 3; Fig. 8).
These experiments clearly showed that, if the source of RAwas



Fig. 4. Representative examples of neurite outgrowth from cultured neurons in all conditions. (A) Photomicrographs of a cell cultured in RA showing outgrowth after
2, 3 and 4 days in cell culture. Photomicrographs of cells that produced some outgrowth in control conditions are shown for comparison in B (EtOH) and C (DM only),
on days 2, 3 and 4.
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moved following initial turning, the growth cone would re-
direct its outgrowth and again move toward the source of RA.

Discussion

In this study, we demonstrated for the first time that RA can
induce neurite outgrowth from invertebrate neurons. In the
absence of any other trophic factors, RA induced significantly
more cells to produce neurite outgrowth, and this outgrowth
was significantly enhanced over time. That is, RA significantly
enhanced both the number and length of neurites from cells in
RA by day 4 in culture. Our results also support the notion that
RA exerted trophic effects on the cells and maintained their
electrical excitability and RMP in culture for a longer period of
time. Thus, as is the case for many peptidergic trophic factors
(such as the neurotrophins), RA appeared to enhance viability as
well as induce outgrowth of neurons in vitro.

Previously, it has been difficult to assess survival versus
growth-inducing effects of various trophic factors because most
factors that promote cell survival also promote outgrowth. How-
ever, Goldberg et al. (2002) recently used retinal ganglion cells
to elegantly show that axonal growth is not a default function of
neuronal survival, but rather requires a specific signal. We
propose that the same may be true for Lymnaea neurons and that
RA did not induce outgrowth by merely enhancing survival of
the neurons. For instance, there was no significant difference
between the proportion of cells that fired on day 2 of culture in
RA versus control conditions, yet a significantly greater pro-
portion had sprouted in RA after 2 days. Though by no means
conclusive, these data support the notion that RA exerted spe-
cific neurite-inducing effects, independent of its effects in
prolonging viability of the neurons. These conclusions are
further supported by the finding that a number of cells that
retained spontaneous firing by day 6 in RA did not exhibit any
neurite outgrowth. Though the mechanisms of these actions of
RA have not yet been elucidated, it is possible that, like other
trophic factors, RA uses different intracellular signaling path-
ways to mediate the different effects. RA has previously been
shown to affect ion channel expression in various cells or cell
lines, usually during differentiation. For example, in differen-
tiating neuroblastoma cell lines, RA induced the appearance of
an inward rectifying potassium channel (Tonini et al., 1999) as
well as induced changes in sodium channel properties, affecting
cell excitability (Toselli et al., 1996). It is quite possible that the
effects of RA in prolonging membrane excitability in our
cultured neurons may thus be a result of changes in various ion
channel expressions. Furthermore, evidence suggests that ino-
sitol triphosphate receptors (which are important regulators of
intracellular Ca2+) are up-regulated following RA treatment
(Bradford et al., 1992) and that RA can induce increases in
intracellular [Ca2+], likely via L- and/or N-type Ca2+ channels
(Fukuhara et al., 1997; Gao et al., 1998). As changes in
intracellular Ca2+ are important regulators of neurite outgrowth
and growth cone behavior (Kater and Mills, 1991), the effects of
RA on Ca2+ concentrations in Lymnaea neurons will need furt-
her investigation.

Though there are no previous reports of RA inducing out-
growth from invertebrate neurons, our results are consistent
with findings from many vertebrate preparations. For example,
Maden et al. (1998) found that RA significantly increased the
proportion of cells extending neurites from embryonic chick
neural tissue, and the concentrations of RA used in their studies



Fig. 5. RA extended the duration that cells were electrically excitable in culture.
Standard intracellular recordings were made from cells incubated in RA or
vehicle control on days 2, 3 and 4 of cell culture. Different cells were impaled on
different days, and each cell was recorded from only once. (A) The resting
membrane potential (RMP) of cells cultured in RAwas maintained over time as
only control cells showed a significant decline in RMP from day 3 to day 4. (B)
The graph shows that the percentage of cells that were electrically excitable
(spontaneous or induced firing) on days 3 and 4 of culture was significantly
greater in RA than those cultured in vehicle control. *P < 0.05, **P < 0.01.

Fig. 6. More cells fired in RA after 6 days of culture. Only cells that fired on day
2 (spontaneous or induced firing) were recorded again on day 6. Representative
intracellular electrophysiological recordings of induced firing in a cell cultured
in RA (Ai) and a cell cultured in vehicle control (Aii). Following depolarizing
current injection, the cell cultured in RA fired action potentials on day 2 and
again on day 6. The cell cultured in vehicle control fired action potentials on day
2 but failed to respond to current injection on day 6. Arrowheads indicate the
time of current injections. (B) A graph showing that the percentage of cells that
spontaneously fired action potentials on day 6 of cell culture was significantly
greater in RA than in vehicle control. **P < 0.01.

45J.M. Dmetrichuk et al. / Developmental Biology 294 (2006) 39–49
were similar to those used in ours. In vertebrate preparations,
there is substantial evidence that RA induces outgrowth via
activation of the retinoic acid β receptor. RA, once inside the
neuron, binds to ligand-activated nuclear transcription factors
that include the retinoic acid receptors (RARs) and/or the
retinoid X receptors (RXRs). It is believed that the RARs,
specifically RARβ, play a major role in the induction of neurite
outgrowth, at least from spinal cord neurons (Corcoran et al.,
2002; Dmetrichuk et al., 2005). However, Solomin et al. (1998)
recently showed in mice that an RXR may play a role in motor
neuron innervation of limbs in vitro. In Lymnaea, as in other
non-chordates (Kostrouch et al., 1998; Wiens et al., 2003), there
is no current evidence for the existence of RARs. We have
however recently cloned a full-length cDNA for an RXR from
Lymnaea (Carter et al., 2005), and like other invertebrate RXRs
(de Mendonca et al., 2000; Bouton et al., 2005), this sequence
shows a high degree of homology with vertebrate and human
RXRs. Though all-trans RA (used in this study) binds with 10-
to 100-fold higher affinity to RARs than RXRs (Umemiya et al.,
1997), it does up-regulate RXR expression in the marine sponge
(in addition to exerting developmental morphogenetic effects;
Wiens et al., 2003). We have not yet determined whether all-
transRA is exerting its effects via the RXR in Lymnaea neurons.
One possibility is that all-transRA is isomerized to 9-cis RA (the
characteristic ligand for RXR) within the neuron. However,
whether this isomerization normally occurs in neurons and what
mechanisms might be involved are not yet entirely known
(Maden and Hind, 2003). Compared to the existence of RXRs,
evidence for the presence of endogenous retinoids in inverte-
brates is currently scarce. However, retinoids have been detected
in the phylogenetically oldest metazoan phylum, the sponges
(Bielsalski et al., 1992), and both 9-cis and all-trans RA are
present in the fiddler crab limb blastemas (Hopkins, 2001) as
well as the prevertebrate amphioxus (Dalfo et al., 2002). Reti-
noic acid binding proteins have also been identified in the insect
(Mansfield et al., 1998) as well as the shrimp (Gu et al., 2002).
Though vitamin A was detected in the pulmonate snail Helix
pomatia (Eakin and Brandenburger, 1968) and RA can alter eye



Fig. 7. RA induced positive growth cone turning. (A) AVF cell was cultured in CM and RA (10−7 M) for 2 days and then monitored for 1 h to ensure no spontaneous
changes in direction occurred. A pipette containing 10−5 M RAwas positioned about 150 μM from the growth cone and at an angle to the advancing growth cone. (i)
Control image prior to the start of RA application. RA was then applied in a pulsatile manner. (ii) Fifteen minutes after the start of RA application. By 2 h (iii), the
growth cone had turned toward the source of RA and the RA source was then removed. (iv) At 22 h, even after the removal of the RA source, the growth cone
continued to grow in the new direction. (B) Histograms depict the final angle of turning of growth cones exposed to RA (10−5 M), EtOH control or DM only control.
Each bar on the histogram represents one growth cone from one cell. ***P < 0.0001.
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formation in Lymnaea (Créton et al., 1993), little is known
about endogenous retinoids in Lymnaea (or other molluscs).
However, we have recent evidence from high performance liquid
chromatography (HPLC) and mass spectrometry experiments
(unpublished observations) that the CNS of adult Lymnaea
contains RA. Though yet to be tested, it is thus likely that RA
exerts effects in vivo, as well as in vitro.

In addition to neurite induction and neuronal survival, some
vertebrate studies have also shown that RA directs neurite out-
growth. For example, Maden et al. (1998) showed that embryo-
nic chick neurons grew towards a source of RA (2 × 10−6 M),
and we have previously shown that exogenous RA induced
directed outgrowth from newt spinal cord (Dmetrichuk et al.,
2005). Importantly, such directed outgrowth from the newt
spinal cord is also induced by the regeneration blastema
(Dmetrichuk et al., 2005), which is thought to both contain
and release RA (Brockes, 1992; Scadding and Maden, 1994;
Viviano et al., 1995). Here, we demonstrated for the first time
that RA can induce turning of a single growth cone toward the
source of RA. Furthermore, we demonstrated that, if the source
of RA was reversed immediately following induction of the
initial turn, the growth cone would turn once again toward the
source of RA. It was found that both EtOH and DM application
alone to the growth cone induced a slight negative turn of the
growth cone. These data suggest that the mechanical pressure
(though slight) used to apply the solutions generated a slight
repulsive response by the growth cones. Despite this slight
negative effect of the mechanical pressure, however, RA was
able to induce a much larger positive turning angle. These data
are thus consistent with previous vertebrate studies, showing
RA-induced chemotaxis, though this is the first known demon-
stration that RA can induce neurite turning at the level of a single
identified growth cone in vitro, in either vertebrate or inver-
tebrate neurons.

As the Lymnaea neurons were cultured in both DM and
CM in this part of our study, growth cones were exposed in
some instances to other (unidentified) neurotrophic factors.
We cannot therefore rule out the possibility that some of these
other factors may have enabled RA's chemoattractive actions
or even acted synergistically with RA. Indeed, it has
previously been shown that neurotrophins can act in synergy
with RA to induce outgrowth (Corcoran and Maden, 1999;
Mey and Rombach, 1999; Plum et al., 2001). However, any
other trophic factors present were likely dispersed evenly



Fig. 8. RA induced zigzagging behavior of Lymnaea growth cones. Representative photomicrographs showing that, if the direction of the source of RAwas switched
from one side of the growth cone to the other, the RA induced a second turning response of the growth cone toward the RA (n = 3 of 3). (A–C) RA (10−5 M) induced an
initial turning response of the growth cone toward RA (B: 20 min of RA application). Following this initial turn, the RA source was re-directed from the opposite side
of the growth cone (C: 1.5 h after RA application) and the growth cone responded by turning again toward the source of RA (D–E) (D: 2.5 h after RA applied from
opposite side; E: 12 h after last application of RA. (F) Illustration of the first and second turning angles produced by switching the source of RA (n = 3).
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throughout the media, so their role in inducing growth cone
turning is unlikely, though it has been suggested that prior
exposure to neurotrophins can affect responses to guidance
cues (Cai et al., 1999). However, when our cells were
cultured in DM alone, in the absence of any other trophic
factors, we observed a similar extent of growth cone turning
in response to RA as we did in CM. These data thus strongly
suggest that RA is capable of acting independently of other
trophic factors to re-direct neurite outgrowth.

One important consideration from this study is the timing
of the RA-induced growth cone turning. In most instances,
growth cone turning occurred within 1 to 3 h. These data are
in agreement with the effects of RA on chick embryonic
neurons that grew toward the source of RA after a period of
5 h (Maden et al., 1998). However, in a few cases, the
growth cone turning was slower and was only evident
around 10 h later. It is unknown at this time how RA is
inducing growth cone turning. Though a slow growth cone
response may suggest that RA is acting in its classical
manner through activation of nuclear transcription factors,
there is also precedence in the literature for RA acting in a
non-classical manner. For example, Zhang and McMahon
(2000) suggest that rapid effects of RA on neuronal gap
junctions occur through activation of novel non-nuclear RAR
sites. Furthermore, there is evidence to suggest that RA
binds directly to protein kinase C (Ochoa et al., 2003), can
induce rapid phosphorylation of CREB (Canon et al., 2004)
and can induce Ca2+ release from intracellular stores via a
PLC/PI 3-kinase pathway (Liou et al., 2005), in a
nongenomic manner. Even though the effects of RA on
growth cone turning in many cases took several hours, we
cannot rule out the fact that RA may be acting locally at the
neuronal growth cone, as is the case for many other guidance
molecules (Campbell and Holt, 2001). Previously, we have
shown that the dopamine-induced positive turning of
Lymnaea growth cones takes up to 2 h (Spencer et al.,
2000). Though we did not previously determine whether this
dopamine-induced positive turning was mediated locally, we
do know that the inhibitory effects of dopamine occur in
isolated growth cones (unpublished observations). Thus, it is
not implausible that the effects of RA on growth cone
turning are mediated locally at the level of the growth cone.
As Lymnaea neurites can be successfully transected from
their cell bodies and continue to grow for several days, this
possibility can be explored in future studies.

It has previously been proposed that the failure of many
vertebrate CNS neurons to regenerate is largely due to an
inhibitory glial environment. However, recent evidence
suggests that other signals might play an important role in
the regenerative capabilities of central versus peripheral
neurons. For example, it has been proposed that neurotrophins
may not only stimulate outgrowth but may also enable a
neuron to become unresponsive to inhibitory regulators of
outgrowth (Cai et al., 1999). RA may prove to be an
important factor in the regenerative capabilities of adult
central neurons. For example, though RA can induce neurite
outgrowth from embryonic mammalian neurons via activation
of RARβ, this effect is lost in adult mammalian neurons (due
to the absence of RARβ expression). Adult mammalian
neurons transfected with RARβ will again respond to RA and
regenerate (Corcoran et al., 2002). Furthermore, adult species
that retain their ability to regenerate the adult CNS also
maintain expression of RARβ in the adult (Dmetrichuk et al.,
2005). It is critical to our overall understanding of neuronal
regeneration as well as axon guidance during development
that we continue to identify genes and molecules that play a
role in inducing or guiding outgrowth in the CNS. Our
current data support those of others that strongly suggest that
RA is an important trophic molecule, though this is the first
demonstration that RA enhances viability and induces and
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directs outgrowth from invertebrate neurons. This is therefore
the first direct evidence that the trophic actions of RA are
strongly conserved from invertebrate to vertebrate species.
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