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Detection of Endogenous Retinoids in the Molluscan CNS
and Characterization of the Trophic and Tropic Actions of
9-cis Retinoic Acid on Isolated Neurons

Jennifer M. Dmetrichuk,' Robert L. Carlone,' Timothy R. B. Jones,> Nicholas D. Vesprini,' and Gaynor E. Spencer!
Departments of 'Biological Sciences and 2Chemistry, Brock University, St. Catharines, Ontario, Canada L2S 3A1

Retinoic acid (RA) is an active metabolite of Vitamin A that plays an important role in the growth and differentiation of many cell types.
All-trans RA (atRA) is the retinoic acid isomer that has been most widely studied in the nervous system, and can induce and direct neurite
outgrowth from both vertebrate and invertebrate preparations. The presence and role of the 9-cis-RA isomer in the nervous system is far
less well defined. Here, we used high-pressure liquid chromatography (HPLC) and mass spectrometry (MS) to show for the first time, the
presence of both atRA and 9-cis-RA in the CNS of an invertebrate. We then demonstrated that 9-cis-RA was capable of exerting the same
neurotrophic and chemotropic effects on cultured neurons as atRA. In this study, significantly more cells showed neurite outgrowth in
9-cis-RA versus the EtOH vehicle control, and 9-cis-RA significantly increased the number and length of neurites from identified neurons
after 4 d in culture. 9-cis-RA also extended the duration of time that cells remained electrically excitable in culture. Furthermore, we
showed for the first time in any species, that exogenous application of 9-cis-RA induced positive growth cone turning of cultured neurons.
This study provides the first evidence for the presence of both atRA and 9-cis-RA in an invertebrate CNS and also provides the first direct

evidence for a potential physiological role for 9-cis-RA in neuronal regeneration and axon pathfinding.
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Introduction

The vitamin A metabolite, retinoic acid (RA), plays an essential
role in development and regeneration of many cell types. During
vertebrate development, RA is a key regulator of axis specifica-
tion, cellular differentiation and patterning (Maden and Hind,
2003, Maden 2007). In the nervous system, RA induces axonal
outgrowth from embryonic neurons of the spinal cord and neural
tube (Wuarin et al., 1990; Maden et al., 1998a), dorsal root gan-
glion (DRG) (Haskell et al., 1987; Corcoran et al., 2000), cerebel-
lum (Yamamoto etal., 1996), and sympathetic ganglion (Plum et
al., 2001). RA can also promote axonal outgrowth from differen-
tiated spinal cord neurons from adult newts (Prince and Carlone,
2003; Dmetrichuk et al., 2005) and with other neurotrophins,
from differentiated retinal ganglion cells (Mey and Rombach,
1999). Similar to other neural inducing factors (McFarlane and
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Holt, 1997), RA is also capable of directing neurite outgrowth
(Maden et al., 1998a; Dmetrichuk et al., 2005, 2006).

A number of different isomers of RA exist, including all-trans
RA (atRA) and 9-cis-RA. atRA has been identified in embryonic
and adult nervous systems in many vertebrates (Maden et al.,
1998b; Hoover et al., 2001; Werner and DeLuca, 2002), but in
vivo plasma levels of 9-cis-RA are usually much lower than atRA
(Malik et al., 2000) and often fall below detection limits (Kraft
and Juchau, 1993). 9-cis-RA has, however, been detected in the
neonatal rat eye and human embryonic brain (Kraft and Juchau,
1993) as well as during gastrulation in Xenopus (Kraft et al.,
1994). 9-cis-RA has also been detected in the wound epidermis of
regenerating limb blastemas of urodele amphibians and in fiddler
crab limb blastemas, suggesting a role for 9-cis-RA in limb regen-
eration (Viviano et al., 1995; Hopkins, 2001). Despite its detec-
tion in some species, the mechanism for 9-cis-RA biosynthesis
has not been determined, and whether it is isomerized from atRA
or synthesized independently of atRA, is not yet known (Maden
and Hind, 2003; Brodeur et al., 2007). It is also not clear whether
atRA and 9-cis-RA have similar physiological roles. In differenti-
ating human neuroblastoma cells, both 9-cis-RA and atRA pro-
duced a dose-dependent increase in neurite outgrowth and inhi-
bition of proliferation (Han et al., 1995). 9-cis-RA, like atRA, is
also a potent inducer of digit pattern duplications in the chick
wing bud (Thaller et al., 1993). Very little information is available
regarding the role of 9-cis-RA in the nervous system.

Using adult invertebrate neurons of Lymnaea stagnalis, we
recently demonstrated that atRA induces neurite outgrowth and
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maintains electrical excitability of cultured neurons, in the ab-
sence of other neurotrophic factors. We also provided the first
evidence of atRA-induced attractive turning of individual growth
cones in vitro (Dmetrichuk et al., 2006). The physiological rele-
vance of these findings was previously unclear, as retinoid detec-
tion in invertebrates has been limited. The studies reported here
aimed to determine whether atRA and its geometric isomer,
9-cis-RA, are present in the CNS of the adult snail, Lymnaea
stagnalis. We also aimed to determine, for the first time, whether
9-cis-RA exerts similar neurotrophic and/or neurotropic effects
as atRA on cultured neurons.

Materials and Methods

Chemicals. High-pressure liquid chromatography (HPLC)-grade chem-
icals including acetonitrile, methanol and formic acid were obtained
from Sigma-Aldrich. Milli-Q water was produced in-house with a resis-
tivity of 18.2 M{Q/cm. AtRA, 9-cis-RA, cadmium, retinaldehyde, ethyl
acetate, methyl acetate and butylated hydroxytoluene were all obtained
from Sigma-Aldrich.

Retinal dehydrogenases assay. As an indirect measure of endogenous
RA, retinal dehydrogenase (RALDH) activity was determined in Lym-
naea tissue extracts and reaction products were then added to Sil-15
retinoid reporter cells (Wagner et al., 1992). Briefly, adult Lymnaea CNSs
(18 pooled CNSs in 2 samples) were isolated in the dark and immediately
frozen in liquid nitrogen. Samples were then freeze/thawed in a 37°C
water bath/liquid nitrogen and homogenized in 250 ul of homogeniza-
tion buffer (10 mm PBS, pH 7.2, 1 mm phenylmethyl sulfonyl fluoride, 10
pg/ml aprotinin). The homogenates were vortexed, spun for 12 min
(16,000 rpm) and the supernatants were removed and frozen at —80°C. A
total of 20 ul was set aside for total protein determination (Coomassie
Blue dye-binding assay, Bio-Rad).

The equivalent volume from each supernatant, containing 4 ug of
protein, was added to eppendorf tubes and incubated at 37°C for 2 h with
the following reagents; 10 M retinaldehyde, 4 mm dithiothreitol, and
2.4 mMm nicotinamide-adenine dinucleotide. Aliquots of each reaction
mix were then diluted with culture medium [DMEM (Invitrogen-BRL),
10% fetal calf serum and 0.4 mg/ml geneticin] and 25 ul were added to
the Sil-15 cells. Sil-15 cells were grown in 96-well micro test plates
(Becton-Dickinson) coated with 0.1% gelatin and each sample was tested
on 6 separate wells. Control wells received either 25 ul of tissue culture
medium or no addition. After overnight culture at 37°C in 5% CO,, the
medium was aspirated and the cells gently washed twice with chilled PBS.
AtRA standards, used to determine relative amounts of RA synthesized in
CNS tissue, were prepared as a 10 ~% M stock in DMSO and subsequently
diluted in tissue culture medium to a final concentration of 10 ~°m, 10 7
M, 10 “® mand 10 ~? M. Solvent controls included equivalent concentra-
tions of DMSO in tissue culture medium. Cells were then fixed in glutar-
aldehyde solution (1% glutaraldehyde in PBS, 0.1 mm MgCl,)on ice for
15 min followed by four additional PBS washes. Cells were developed for
Lac Z expression with X-gal (5-bromo-4-chloro-3-indolyl-B-p-
galactopyranoside) as the substrate.

The percentage of B-galactosidase (B-gal)-positive (blue) cells was
determined by direct cell counts at 10X magnification for each well in the
96 well microtest plates. A one-way ANOVA was run on the cell counts of
the RALDH assay to determine significance. Results are expressed as
mean = SEM and deemed significant when p < 0.05.

Tissue explant studies. Sil-15 reporter cells were seeded in 35 mm cul-
ture dishes and grown until 80-90% confluent >48 h. Acutely isolated
snail brains were dissected under minimal light conditions, washed
briefly in culture medium and explanted (1 per well, n = 3) onto mono-
layers of Sil-15 cells. Care was taken to ensure that explants adhered to the
cell monolayers. After 18—20 h, both explants and cells were washed with
PBS, fixed and assayed for reporter gene expression as outlined above. An
18-20 h assay time was used to permit maximal induction of Lac Z
expression in Sil-15 cells under conditions in which the snail brain ex-
plants remained viable. Cells were counted in an approximate 24 mm?
area immediately surrounding the CNS explant.

Retinoid extraction procedure. The extraction procedure used was a
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slightly modified version from that of Thaller and Eichele (1987). Sample
preparations were obtained in the dark under yellow light. Lymnaea
brain and hemolymph were isolated, immediately frozen in liquid nitro-
gen and stored at —80°C. Two replicates of ~75 brains and two replicates
of 1.25 ml of pooled hemolymph (from at least 5 different animals) were
used. The average wet weight of pooled CNS samples was 227 £ 9 mg.
Samples were next thawed and homogenized in 500 ul of ice-cold stabi-
lizer buffer (0.5% ascorbic acid, 0.5% EDTA in PBS at pH 7.3). Fifty
microliters from each homogenate were removed for protein estimation
(Coomassie Blue dye binding assay, Bio-Rad). The remaining tissue sus-
pension was then extracted with 500 ul of extraction solvent (8:1 ethyl
acetate:methyl acetate, 0.5% butylated hydroxytoluene). Samples were
then shaken vigorously for 30 min in a mechanical shaker (while on ice).
The samples were centrifuged for 5 min and the upper organic phase was
collected. Another 500 ul of extraction solvent was added to the remain-
ing aqueous phase and the procedure was repeated twice, each time
pooling the supernatants. The total sample was then dried down in the
dark under a light stream of nitrogen. Samples were then resuspended in
40 pl of acetonitrile, centrifuged and transferred into amber HPLC sam-
ple vials.

High-pressure liquid chromatography. Chromatographic separation
was performed on a Waters Spherisorb S50DS2 C-18 column (particle
size: 5 um, column size: 4.6 X 100 mm). Injection volumes were 5 pl.
Elution involved an initial mobile phase of 70% acetonitrile (0.1% formic
acid): 30% H,O (0.1% formic acid) changing via a linear gradient to
100% acetonitrile over a 30 min period at a flow rate of 0.5 ml/min.
Retention times were compared with commercial 9-cis-RA and atRA
each dissolved in acetonitrile, and run individually or as a mix, separately
from the tissue/hemolymph samples. Detection was set to 350 nm (Barua
and Furr, 1998).

Mass spectrometry. Mass analysis was performed on a Bruker Model
high capacity trap + liquid chromatography (LC)/mass spectrometry
(MS)/MS system using electrospray in negative ion mode, connected
online to an Agilent 1100 LC system with the conditions described above.
The retention times for analysis of 9-cis-RA and atRA were confirmed,
and the mass spectrometer was set up to detect 255 m/z, which is an
intense fragment observed in MS2 when the parent ion (299 m/z) is
fragmented according to the following scheme: molecular anion
(299 ) = (255 ) + CO,.

This fragmentation behavior is common to both 9-cis-RA and atRA.
The product anion at 255 m/z was monitored and ion chromatogram
peak areas for this species were used in the subsequent calibration. A
calibration curve for both 9-cis-RA and atRA was created by analyzing
four concentrations (between 50 pg/ul to 5 ng/ul) of each standard, and
plotting the area of the 255 m/z peak (determined by QuantAnalysis) to
its corresponding concentration. Analyses were performed in duplicate.
Our HPLC/MS limit of detection (0.5 pg/ul) was set to a signal-to-noise
ratio of 2:1, similar to that of McCatffery et al. (2002), and common for
HPLC procedures.

Cell culture procedures. Lymnaea 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; Dmetrichuk et
al., 2006). Briefly, the central ring ganglia were isolated under sterile
conditions, and after a number of antibiotic washes and subsequent en-
zymatic 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 indi-
vidually extracted by applying gentle suction via a fire-polished pipette.
The somata were plated directly on poly-L-lysine-coated dishes (onto a
glass coverslip) containing DM or (where stated) brain-conditioned me-
dium (CM) (Wongetal., 1981). In DM alone, adult Lymnaea neurons do
not normally extend neurites (Spencer et al., 1996), but adult neurons do
regenerate their processes if cultured in CM (Syed et al., 1990; Spencer et
al., 2000). CM contains many (as yet unidentified) neurotrophic factors
and any 9-cis-or atRA that may be present in CM, falls below our detec-
tion limits with HPLC analysis. Either atRA or 9-cis-RA (Sigma-Aldrich)
was dissolved in absolute ethanol (EtOH) and added to the culture dishes
to give a final bath concentration of 10 7 m. Control dishes contained
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equivalent concentrations of EtOH in DM (0.001% EtOH). All dishes
were placed in the dark immediately following addition of RA or EtOH,
and were maintained at 22°C. Experiments to investigate the role of
calcium in the RA-induced outgrowth were conducted in DM that con-
tained 50% of the normal levels of calcium (2 mm compared with 4 mm).
The Ca?" channel blocker, cadmium, was added to some dishes to a final
bath concentration of 10 um.

Analysis of neurite outgrowth. To investigate the effects of atRA and
9-cis-RA on the induction of neurite outgrowth, cells were plated in DM,
in the absence of any other neurotrophic factors. Neurite outgrowth
from cells incubated in RA or EtOH control vehicle, was scored 2, 3 and
4 d after cell plating. Cells were viewed with an inverted microscope
(Zeiss Axiovert 200) and imaging software (Northern Eclipse 7.0) was
used to monitor and analyze the extent of neuronal outgrowth. To be
included in the analysis, neurons must have adhered to the culture sub-
strate (in the absence of adhesion, no outgrowth would occur). The
number and total length of primary neurites emerging from each neuron
was monitored at each time point. A two-way repeated measures (RM)
ANOVA and Dunn’s (Bonferroni corrected) post hoc test were used to
determine statistical significance in the number and length of neurites in
atRA and 9-cis-RA versus EtOH control conditions. Results are expressed
as mean = SEM and deemed significant when p < 0.05. In the separate
series of experiments conducted to examine the combined effects of the
9-cis-and atRA isomers, as well as the effects of low Ca?* and cadmium,
one-way ANOVA and Dunn’s (Bonferroni corrected) post hoc tests were
run on the number and length of neurites produced on day 4. Chi-
squared tests were used to compare the number of cells that produced
outgrowth in each condition and differences were considered significant
when p < 0.05. The occurrence of outgrowth was scored as the presence
or absence of any neurite extension from the cell body (minimum 10 um
in length) and the length of primary neurites was measured as the length
on emergence from the cell body to the very tip of the neurite.

Electrophysiology. For intracellular recordings, conventional electro-
physiological techniques were used as described previously (Spencer et
al., 2000, Dmetrichuk et al., 2006). Glass microelectrodes (resistance
20—-40 MQ)) containing a saturated solution of K,SO,, were used to im-
pale the neurons under RA and EtOH culture conditions. The electro-
physiological signals were amplified (IR-283, Cygnus Technology) and
displayed using a data acquisition system designed by T. MacDonald
(Electronics Department, Brock University, St. Catharines, ON, Can-
ada). Electrophysiological recordings were performed blindly, in that the
culture condition was unknown at the time of the recordings. Recordings
were only made from cells that were adhered to the substrate and were
morphologically “intact” (i.e., had not ruptured). In all recordings, cells
were assessed for their ability to fire spontaneous or induced action po-
tentials (0.1-0.5 pA depolarizing current injection). A one-way RM
ANOVA and Dunn’s (Bonferroni corrected) post hoc analysis was per-
formed to compare the resting membrane potentials (RMPs) of the cells
between groups. 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 (APs) following
incubation in RA versus EtOH control. Results were expressed as the
percent of cells fired, and differences were deemed significant if p < 0.05.
Analysis of AP shape was performed with Chart software (v6.0, AD In-
struments). A minimum of three action potentials were analyzed for each
cell and the amplitude in millivolts (from V., to the peak of the action
potential), the half-amplitude duration (in milliseconds), and the fall
time in milliseconds (10-90% of the falling phase of the action potential)
were measured, and values expressed as mean * SEM. Values for 9-cis-
and atRA-incubated cells were compared using Student’s ¢ test.

Growth cone turning assay. For growth cone turning assays, individual
VF neurons were cultured in CM and allowed to extend neurites for a
minimum of 18 h. Only actively growing neurites were used. Growth
cones were monitored for at least 1 h before exposure to a local gradient
of 9-cis-RA. A pipette containing 9-cis-RA (10 ~> m; Sigma-Aldrich) was
placed in close proximity to the growth cone and 9-cis-RA was pressure
ejected using an Eppendorf-Femtojet (10 min continuous pulses at 6-15
hPa, with 5 min between, for 0.5-3 h; pipette tip diameter: 3-7 um).
Digital images were captured, and growth cone turning was analyzed
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using Northern Eclipse Software. The maximum turning angles were
measured and expressed as mean *+ SEM.

Results

We have previously shown that the neurotrophic and chemo-
tropic effects of atRA observed in vertebrate neurons, are con-
served in neurons of an invertebrate species (Dmetrichuk et al.,
2006). However, despite some evidence for physiological effects
of exogenously applied RA in invertebrates, there is less evidence
for either the presence or synthesis of endogenous RA in an in-
vertebrate species, compared with vertebrates. The first aim of
this study was thus to investigate, using a reporter cell line,
whether RA was synthesized or released in the CNS of the mollusc
Lymnaea stagnalis.

Endogenous RALDH activity in Lymnaea CNS

and hemolymph

Once dietary Vitamin A (or retinol) is taken up by a cell, it is
enzymatically converted to retinal. Retinal is then converted to
RA by RALDHs (Maden and Hind, 2003). Many studies that
measure endogenous retinoids thus commonly explore RALDH
activity. Here, RALDH activity was determined in tissue samples
and the reaction products then added to a retinoid-sensitive re-
porter cell line with the ability to detect nM quantities of RA
(Wagner, 1998).

Figure 1 A shows 3-gal expression in fixed, control Sil-15 cells.
The average percentage of 3-gal positive cells determined from 12
replicate wells was 1.2 + 0.15%. The low but reproducible num-
ber of positive cells in the absence of exogenous retinoids could
be due to residual retinoids in the calf serum. Reaction products
of RALDH assays from Lymnaea CNS extracts (n = 12) produced
an average of 4.6 = 0.46% [3-gal-positive cells (Fig. 1 B). A one-
way ANOVA analysis revealed a significant difference between
the control and CNS conditions ( p < 0.0001), suggesting the
presence of endogenous RALDH activity and the synthesis of RA
in the adult Lymnaea CNS.

Retinoid release from the adult Lymnaea CNS

Perhaps a more relevant measure of endogenous retinoid activity,
particularly when studying the neurotrophic role of RA in regen-
eration, is to measure its release directly from isolated adult CNS
tissue. Figure 1C demonstrates 3-gal activity in fixed Sil-15 cells
following addition of a CNS explant. The highest percentage of
active cells was found closest to the CNS explant, and this number
declined at increasing distances from the explant (data not
shown), suggesting the release and diffusion of RA from the brain
tissue. We estimated the concentration of released RA to be
~107° M closest to the brain explants, and ~10'® M at the
farthest point away. This value was calculated from a standard
curve generated with the addition of synthetic atRA (10 ° M
shown in Fig. 1D).

HPLC/MS of atRA and 9-cis-RA standards

The above data strongly suggest the presence of an active RA
metabolic pathway in the adult Lymnaea CNS. However, the as-
say used did not allow us to determine which isomer was present
and synthesized in the CNS. Thus, we next used HPLC and MS to
determine whether atRA and/or 9-cis-RA were present in the
CNS.

To determine whether atRA and 9-cis-RA isomers could be
separated and detected by HPLC, a mixture of the two synthetic
compounds was first analyzed. Despite similarities in structure
and polarity, each isomer could be separately identified in the
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Figure 1.  RALDH activity in brain extracts of Lymnaea stagnalis. A, Sil-15 reporter cells
stained for 3-gal activity after addition of culture medium. B, A similar field of Sil-15 reporter
cells stained for B3-gal activity after the addition of 25 wl of RALDH reaction product with
Lymnaea (NS extract as the substrate. Note a significant increase in the number of 3-gal-
positive (blue) cells. €, RA release by Lymnaea CNS explants. Cells stained for B-gal activity asin
Aand Babove. D, Sil-15 reporter cells following the addition of 10 6 m atRA.

same sample as illustrated in Figure 2. 9-cis-RA eluted at 14.6 min
and atRA at 15.1 min, with minimal overlap of the two peaks.
Both standards were also run separately (data not shown), with
no effect on relative retention times. These standard samples were
further analyzed after HPLC separation by MS. The atRA stan-
dard molecular weight was measured to be 299.1 m/z (Fig. 3A).
Once fragmented, the molecular weight was measured to be 255.1
m/z (Fig. 3B) corresponding to the loss of CO,. Analysis of
9-cis-RA yielded similar results (Fig. 3C,D) as expected, since
both compounds are isomers with the same molecular weight
and functional group.

HPLC/MS analysis of adult Lymnaea stagnalis CNS and
hemolymph extracts

Our next objective was to determine the relative abundance of
each isomer in the CNS of adult Lymnaea. Due to a previous
report by Munno et al. (2000) which suggested that some trophic

J. Neurosci., November 26, 2008 - 28(48):13014-13024 13017

9-cis RA

Y

w

atRA

w

L8]

OD 350nm, Intensity x 10*
EoS

S UUUUSU. £ W

0 2 4 6 & 10 12 14 16 18Time(mm

Figure2. HPLCseparation of 9-cis-RA and atRA standards run as a mixture. 9-cis-RA elutes at
14.6 min and atRA elutes at 15.1 min.
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dard molecular weight is determined to be 299.1 m/z. B, Electrospray ionization of atRA. , 9-cis-RA
standard molecular weight is determined to be 299.1 m/z. D, Electrospray ionization of 9-cis-RA.

factors are carried in the invertebrate hemolymph, extractions
were performed on the hemolymph as well as the CNS.

HPLC was performed on samples from two independent
pools of isolated adult Lymnaea CNSs. Two peaks were deter-
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mined to be of interest (Fig. 4A) as they
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were within 0.1 retention time of RA stan-
dards. Peak 1 had a retention time of 14.6
min, corresponding to the retention time
for the 9-cis-RA standard, while peak 2
eluted at 15.1 min, characteristic of atRA.

Both samples were further investigated

L.
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by MS. The mass for each peak was deter-
mined to be 299 m/z. This again corre-
sponds to the molecular weights of both
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9-cis-RA and atRA. After ionization, the
mass for each resulting fragment was de-
termined to be 255 m/z, confirming the
loss of a carboxylic acid group. These data
were consistent in duplicate experiments

§
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g
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and strongly indicated the presence of s
both the 9-cis-RA and atRA in the adult
Lymnaea CNS.

HPLC was also performed on two inde-
pendent pools of isolated hemolymph
(Fig. 4B). Once again, two peaks were
found within 0.1 retention time for each RA standard. Peak 1 had
aretention time of 14.6 min, which corresponded to the 9-cis-RA
standard, and peak 2 had a retention time of 15.0 min that closely
corresponded to that of atRA.

To confirm their identities as all-trans and 9-cis-RA, the peaks
were further analyzed by MS. The molecular mass for each peak
was determined to be 299 m/z. Again, this corresponded to the
molecular weights of both 9-cis-RA and atRA. Additionally, the
mass for each fragmented peak was determined to be 255 m/z.
These data were consistent between duplicate experiments and
strongly indicated the presence of both 9-cis-RA and atRA in the
adult Lymnaea hemolymph.

respectively.

Estimation of endogenous retinoid levels

A calibration curve was generated for both 9-cis-RA and atRA by
analyzing four concentrations (between 50 pg/ul to 5 ng/ul) of
each standard, and plotting the area of the 255 m/z peak (deter-
mined by QuantAnalysis) to its corresponding concentration.
From this analysis, with an estimated RA extraction efficiency of
70% (Scadding and Maden, 1994), we calculated endogenous
atRA concentration in the CNS tissue to be 77.14 pg/mg wet
weight (693 nm), while in the hemolymph, the concentration was
estimated at 17.22 pg/mg wet weight (155 nMm) (Fig. 5). For 9-cis-
RA, the values were slightly lower; 42.20 pg/mg wet weight (380
nM) for CNS tissue and 13.30 pg/mg wet weight (120 nm) for
hemolymph (Fig. 5).

9-cis-RA induced comparable neurite outgrowth as atRA from
cultured neurons

Previously, we have shown that atRA induced neurite outgrowth
from adult Lymnaea neurons in cell culture (Dmetrichuk et al.,
2006). However, it is not yet known whether 9-cis-RA exerts neu-
rotrophic effects in the nervous system. After determining from
HPLC and MS that both atRA and 9-cis-RA are present in the
CNS, we next set out to determine whether 9-cis-RA has neurite-
inducing effects and if so, to compare the effects of 9-cis-RA with
atRA. To avoid potential complications of comparing data across
different culture days, atRA experiments were repeated in this
study and run at the same time as the 9-cis-RA experiments. This
allowed us to directly compare the effects of the two isomers
under identical culture conditions. In this series of experiments,
only EtOH was used as a control, as we have previously shown no

13.0 13.5 14.0 14.5 15.0 15.5 16.0

Time (min)

Figure4. A, B, Analytical HPLC profiles showing near baseline separation of atRA and 9-cis-RA in adult Lymnaea stagnalis CNS
(A) and hemolymph (B) extracts. In both the CNS and hemolymph profiles, peak 1 corresponds to 9-cis-RA and peak 2 to atRA,
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Figure 5. Estimated relative concentrations of 9-cis-RA and atRA in the adult Lymnaea CNS

and hemolymph.

difference between EtOH and DM alone, on outgrowth from VF
neurons (Dmetrichuk et al., 2006).

We found that in the presence of either atRA or 9-cis-RA
(107 M), significantly more cells produced neurite outgrowth
after 2 d in culture than in the EtOH control conditions. Figure
6 Ai—iii shows representative examples of cells with neuritic ex-
tension in 9-cis-RA, atRA and EtOH. Cells cultured in the EtOH
vehicle solution were significantly less likely to produce neurite
outgrowth. A y-square test revealed no significant difference in
the number of cells with outgrowth between 9-cis-RA and atRA
(x* = 2.57,df = 15 p > 0.05, n.s.), although both 9-cis-RA (p <
0.01) and atRA ( p < 0.001) induced significantly more cells to
produce outgrowth than the EtOH control condition (Fig. 6 B).

Next, we investigated the extent of neurite regeneration in the
different conditions. Cells that were plated in 9-cis-RA (n = 42),
atRA (n = 32) or control (EtOH) (n = 47) were assessed for
neurite outgrowth after 2, 3 and 4 d in culture. The total length of
primary neurites in cells cultured with 9-cis-RA and atRA was not
significantly different from each other after 4 d in culture ( p >
0.05, n.s.) (Fig. 6C), although both were significantly greater
compared with control ( p < 0.01). Additionally, we found that
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culturing in both isomers did not have an
additive effect. Furthermore, there was no

significant difference in either the number
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rites (p > 0.05) on day 4, between cells
plated in one isomer alone compared with
both 9-cis-RA and atRA isomers together.

The cellular and molecular mecha-
nisms of RA-induced outgrowth have not
been extensively studied, although it is well
known that optimal intracellular calcium
(Ca®™) levels are required for neurite out-
growth and extension (Kater and Mills,
1991). In the next series of experiments, we
lowered extracellular Ca®" concentrations
to 50% of normal DM, and used the Ca**
channel blocker, cadmium (10 uM, Feng et
al., 2000), to investigate a potential role of
Ca’"* in the 9-cis-RA-mediated neurite
outgrowth. The mere lowering of extracel-
lular Ca®" and the presence of cadmium,
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Figure 6.

conditions).

cells in both 9-cis-RA and atRA conditions showed significantly
more primary neurites after 4 d in culture, compared with the
cells in EtOH (p < 0.01). However, there was no significant
difference between the number of primary neurites extended af-
ter 4 d between 9-cis-RA and atRA ( p > 0.05, n.s.) (Fig. 6 D).
We next aimed to determine whether culturing cells in both
9-cis-RA and atRA in the same dish would produce significantly
different levels of outgrowth than either isomer alone. This may
indicate whether the two isomers have additive or competitive
effects on neurite outgrowth. A separate series of experiments
were conducted in which cells were either plated in 9-cis-RA
(1077 M), atRA (10 7 M) or a combination of both 9-cis-RA
(1077 M) and atRA (10 7 m). It was found that there was no
significant difference in the percentage of cells that had initiated
outgrowth between any of the conditions on day 4 (9-cis-RA
alone: 54.8% (17/31); atRA alone: 69.2% (18/26); 9-cis-RA and
atRA together: 73.1% (n = 19/26); p > 0.05), suggesting that

*k
* & ‘

9-cis-RA and atRA significantly increased neurite outgrowth. A, Representative examples of identified VF cells
showing neurite outgrowth after 2 d in culture (DM) after treatment with 9-cis-RA (i), atRA (i), and EtOH (iif) vehicle solution
(example of a cell with neurite outgrowth). B, Histogram showing that the percentage of cells producing neurite outgrowth in
9-cis-RAand atRA on day 2 (10 ~7 m) was significantly greater than the percentage of cells producing outgrowth in vehicle control
(EtOH). There was no significant difference between 9-cis-RA and atRA. (***p << 0.001, **p << 0.01; compared with EtOH
controls). , The total length of primary neurites extended was significantly greater on days 2, 3 and 4 in both 9-cis-RA and atRA
compared with EtOH controls. D, Also, the number of primary neurites extended was significantly greater on days 2, 3 and 4 in
9-cis-and atRA compared with controls. **p << 0.01 (statistical comparison shown only for day 4 and compared with EtOH control

should not adversely affect neurite out-
growth as these culturing conditions have
previously been shown to support robust
outgrowth from Lymnaea neurons in con-
ditioned media (Feng et al., 2000). How-
ever, if Ca*" influx plays an important role
in the RA-induced outgrowth, we would
predict that significant reductions in out-
growth would be observed. Cells were
plated in one of three conditions: (1) low
Ca’" and 9-cis-RA, (2) low Ca?", cad-
mium and 9-cis-RA, or (3) normal DM
and 9-cis-RA, and the percentage of cells
grown, number of primary neurites, and
length of neurites on day 4 were recorded
and analyzed. We found no significant dif-
ference in the percentage of cells grown
(low Ca** and 9-cis-RA: 63.3% (n = 19/
30); low Ca**, cadmium and 9-cis-RA:
72.1% (n = 31/43); normal DM and 9-cis-
RA: 75.9% (n = 22/29) or the number of
neurites (low Ca®" and 9-cis-RA: 4.8 =+
0.5; low Ca’", cadmium and 9-cis-RA:
4.7 = 0.5; normal DM and 9-cis-RA: 5.2 *+
0.8; p > 0.05) across all three conditions.
However, there was a significant reduction (p < 0.01) in the
length of neurites in low Ca®* and cadmium (293.1 = 36.6 um)
compared with the other two conditions (low Ca*" and 9-cis-RA:
512.4 = 80.9 wm; normal DM and 9-cis-RA: 735.6 = 150.5 um).
These data suggest that although Ca** influx may not play a
significant role in the induction of outgrowth by 9-cis-RA, it may
play an important role in the RA-induced extension of
outgrowth.

Cells retained their electrical excitability in 9-cis-RA

over time

We have previously shown that in addition to inducing neurite
outgrowth, atRA also exerted neurotrophic actions by extending
the electrical viability of VF neurons in culture (Dmetrichuk et
al,, 2006). Therefore, we next investigated the ability of 9-cis-RA
to maintain RMP and electrical excitability of neurons in culture.
Cells were tested after 4 d in culture following incubation in
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9-cis-RA, atRA or EtOH culture condi-

A
tions (as this was the time point previously 01
shown to produce optimal differences for
atRA; Dmetrichuk et al., 2006). As shown 101

in Figure 7A, the RMP of cells in 9-cis-RA
(=52.38 mV = 2.51 mV) and atRA
(—47.85 mV * 4.54 mV) were signifi-
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ous or induced firing) on day 4 of culture B o )

were significantly greater in 9-cis-RA (11 *% VT / /" /'~
of 13, 85%) and atRA (14 of 20, 70%) ver- - ® **

sus those cultured in the control EtOH so- 2 | 10mV
lution (4 of 17, 24%; p < 0.01). Similarly, = e Co r

the effects of 9-cis-RA and atRA on firing - =

were not significantly different from each ": *® EtOH

other ( p > 0.05, n.s) (Fig. 7B). Figure 7C S .

shows representative intracellular electro- — —_ —_
physiological recordings from cells cul- 0 — ] | ) L

tured in 9-cis-RA (i), atRA (ii) and EtOH
(ii1) respectively. The traces show that fol-
lowing depolarizing current injection, the
cells cultured in 9-cis-RA or atRA fired APs
on day 4, whereas the cell cultured in vehi-
cle (EtOH) control failed to fire in re-
sponse to current injection on day 4. APs
obtained on day 4 in both 9-cis-and atRA
were analyzed for spike amplitude (9-cis-
RA:55.1 = 2.1 mV;atRA:53.9 * 4.9mV),
half-amplitude spike duration (9-cis-RA:
17.3 * 3.7 ms; atRA: 27.2 = 4.2 ms), and
fall time (9-cis-RA: 27.0 = 4.3 ms; atRA:
28.4 = 3.8 ms) to investigate whether there were any significant
differences in spike shape between the 9-cis-RA and atRA isomers
(EtOH conditions could not be compared because of the low
number of cells firing on day 4). We found no significant differ-
ences ( p > 0.05) in any of the recorded values between 9-cis-and
atRA.

Figure 7.

control conditions).

9-cis-RA induced positive growth cone turning responses

in vitro

The data shown above demonstrate that both atRA and 9-cis-RA
exert similar neurotrophic effects on VF neurons, to both induce
neurite outgrowth and maintain electrical viability for longer pe-
riods in cell culture. We next aimed to determine whether the
9-cis-RA isomer could exert comparable chemotropic effects to
those we have previously observed with atRA (Dmetrichuk et al.,
2006). As it was not imperative to perform these particular exper-
iments in parallel with atRA, only 9-cis-RA was exogenously ap-
plied to growth cones in this study.

VF neurons were cultured in CM and following outgrowth
(1-2 d), were tested for growth cone turning in response to an
exogenous source of focally applied 9-cis-RA. Growth cones were
first monitored for at least 1 h to ensure that no spontaneous
changes in direction occurred. As previously shown with atRA,
9-cis-RA (10 > M in pipette) also produced positive growth cone
turning (Fig. 8A). Figure 8 B shows a histogram depicting the

9-cisRA atRA

EtOH T T T

Both 9-cis-RA and atRA lengthened the duration that cells were electrically excitable in culture. Standard intracel-
lular recordings were made from cells treated with 9-cis-RA, atRA, or vehicle control on day 4 of cell culture. A, The RMPs of cells
cultured in 9-cis-RA and atRA were not significantly different from each other, although they were significantly more negative
than the RMPs of control cells. B, The histogram shows the percentage of cells that were electrically excitable (spontaneous or
induced firing) on day 4 of culture. There was no significant difference in the number of cells that fired action potentials between
cells cultured in 9-cis-RA or atRA; however, both were significantly different from vehicle controls. C, Representative intracellular
electrophysiological recordings from cells cultured in 9-cis-RA (i), atRA (i), and vehicle control (fif). Following depolarizing current
injection, the cells cultured in 9-cis-RA and atRA fired action potentials on day 4. The cell cultured in vehicle control failed to
respond to current injection on day 4. Arrowheads indicate the time of current injections. *p << 0.05, **p << 0.01 (compared with

maximum turning angle of growth cones toward 9-cis-RA, with
each bar on the histogram representing one growth cone from
one cell. We found that the mean maximum turning angle to-
ward 9-cis-RA (60.38° * 8.14°% n = 8) was not significantly dif-
ferent from that previously shown with atRA (66.1°)
(Dmetrichuk et al., 2006) but was significantly greater than EtOH
or DM controls ( p < 0.01). Thus both atRA and 9-cis-RA iso-
mers showed similar effects to induce positive growth cone turn-
ing in vitro. This is the first study to demonstrate chemotropic
effects of 9-cis-RA on neurons from any species.

Discussion

In this study, we have provided the first direct evidence for the
existence of both atRA and 9-cis-RA isomers in the CNS of an
invertebrate species and provide important evidence for a poten-
tial physiological role for 9-cis-RA in neuronal regeneration.
Moreover, this is the first study in any species to show that
9-cis-RA exerts similar chemotropic effects as atRA to produce
growth cone turning in cultured neurons.

Our data using the Sil-15 reporter cell line first indicated that
the molluscan CNS, similar to its vertebrate counterpart, is capa-
ble of synthesizing RA from retinal through the actions of endog-
enous RALDH. In support of this conclusion, Lymnaea se-
quences encoding a full-length retinal dehydrogenase (C. J.
Carter, G. E. Spencer, unpublished observations), and four reti-
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Figure8. 9-cis-RAinduced positive growth cone turning. A, A VF cell was cultured in CM for
2dtoallow for neurite outgrowth and then monitored for 1h to ensure no spontaneous changes
in growth cone direction occurred. i, Control image before the directional, pulsatile application
of 10 ~° m 9-cis-RA via a micropipette (t = 0 min). ii, Eighteen minutes after the start of RA
application, the growth cone turned toward the source of 9-cis-RA. iii, Fourteen hours after the
removal of the local source of 9-cis-RA, the growth cone continued to grow in the new direction.
B, The histogram depicts the maximum turning angles of growth cones exposed to 9-cis-RA
(10 > m). Each bar on the histogram represents one growth cone from one cell.

nol dehydrogenases and a putative cellular retinoic acid binding
protein have been detected, all of which show considerable ho-
mology to vertebrate sequences. These cell line experiments did
not provide any specific information regarding which endoge-
nous RA isomers were being synthesized and released and it was
only through use of HPLC and MS that we identified both
9-cis-RA and atRA in the CNS of Lymnaea.

atRA has previously been detected in both embryonic and
adult nervous systems from a number of vertebrate species (Hor-
ton and Maden, 1995; Maden et al., 1998b; Hoover et al., 2001,
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Werner and DeLuca, 2002). However, 9-cis-RA detection in ver-
tebrates is rare; in the mouse embryonic spinal cord, 9-cis-RA was
detected only after atRA levels were artificially elevated (Ulven et
al., 2001) and others report that 9-cis-RA levels are below their
limits of detection (Schmidt et al., 2002). The relevance of a phys-
iological role for 9-cis-RA has thus been questioned (Horton and
Maden, 1995), although there is recent evidence in the vertebrate
nervous system to suggest its role in reducing the production of
inflammatory cytokines from activated glia (Xu and Drew, 2006).

In invertebrates, the presence of RA has been indirectly impli-
cated by the presence of retinoic acid binding proteins in the
insect (Mansfield et al., 1998) shrimp (Gu et al., 2002) and marine
sponge (Biesalski et al., 1992). However, in contrast to verte-
brates, where 9-cis-RA has been difficult to detect, both atRA and
9-cis-RA isomers have been directly detected in the prevertebrate
amphioxus (Dalfé et al., 2002), fiddler crab limb blastemas (Hop-
kins, 2001) and recently, the locust embryo (Nowickyj et al.,
2008). Although RA has been shown to alter eye formation in the
mollusc Lymnaea (Créton et al.,, 1993) and vitamin A was de-
tected in the mollusc Helix pomatia (Eakin and Brandenburger,
1968), little is known about endogenous retinoids in molluscs.
Significantly, the direct detection of RA (either atRA or 9-cis-RA)
in the CNS of any invertebrate species has not previously been
shown. We report here that both atRA and 9-¢is-RA are present in
the molluscan CNS (and hemolymph) in nm concentrations, al-
though the concentration of atRA was estimated to be slightly
higher than 9-cis-RA. The estimated concentrations reported in
this study are in accordance with previous detection levels of RA
in vertebrate limb tissue (Thaller and Eichele, 1987; Scadding and
Maden, 1994) as well as locust embryo (Nowickyj, 2008). Inter-
estingly, in the locust embryo, 9-cis-RA was slightly more abun-
dant than atRA (Nowickyj et al., 2008).

9-cis-RA has been difficult to detect previously, either due to
its low endogenous concentration (Schmidt et al., 2002) or its
potential for isomerization to atRA and/or 13-cis-RA (Kraft and
Juchau, 1993; Shirley et al., 1996). We cannot rule out the possi-
bility that the 9-cis-RA detected in our samples arose as a conse-
quence of its isomerization from atRA during the extraction pro-
cedure. We feel this is unlikely though, as after a 3 d exposure of
atRA to a 12-h light/dark cycle at 23°C, nuclear magnetic reso-
nance (NMR) and UV analyses revealed only trace amounts of
9-cis-RA (our unpublished observations). Moreover, atRA is very
stable in acetonitrile for up to 2 d at room temperature (Kane et
al,, 2005). Our samples were immediately frozen in liquid nitro-
gen and protected from heat, air and light, thus minimizing the
potential effects of endogenous isomerases. In addition, neither
Nowickyj et al. (2008), or Biesalski et al. (1992) detected any
significant trans to cis-isomerization, while Brodeur et al. (2007)
also failed to demonstrate endogenous RA isomerase activity in
cultured HeLa cells. Indeed, the existence of cis-retinol isomers
and the enzymes capable of oxidizing them to their characteristic
RAs (Labrecque et al., 1995, Driessen et al., 1998, Romert et al.,
1998, Paik et al., 2005), strongly suggests that 9-cis-RA (and other
cis-RA isomers) may be synthesized independently from atRA.

Having detected endogenous 9-cis-RA in the CNS at relatively
similar concentrations to atRA, we next demonstrated for the
first time, that 9-cis-RA was capable of acting as a neurotrophic
and chemotropic factor on cultured neurons. In the absence of
any other trophic factors, 9-cis-RA induced significantly more
neurite outgrowth compared with controls. Additionally, we
showed that 9-cis-RA was capable of maintaining the electrical
excitability and RMP of neurons after 4 d in culture. These neu-
rotrophic effects occurred at 10 ~7 M bath concentrations of RA,
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concentrations similar to the endogenous CNS concentrations
estimated in the first part of our study, further supporting a phys-
iological role for 9-cis-RA. Although we did not investigate
whether there was a significant correlation between the trophic
effects of 9-cis-RA on neurite induction and electrophysiological
properties of the cells, we have previously shown that these tro-
phic effects of atRA appeared to be independent of each other
(Dmetrichuk et al., 2006). That is, we previously suggested that
atRA was not inducing outgrowth from the Lymnaea neurons
merely by enhancing survival of the cells, and it is likely that this
is also true for 9-cis-RA.

Interestingly, these neurotrophic effects exerted by 9-cis-RA
were not significantly different from the effects produced by atRA
on the same cell type. The capability of the two isomers to actin a
similar manner has been previously documented; when a murine
septal cell line was treated with atRA or 9-cis-RA, both increased
the expression of choline acetyltransferase mRNA threefold com-
pared with controls (Pedersen et al., 1995). Plum and Clagett-
Dame (1995) showed that both atRA and 9-cis-RA inhibited the
proliferation of human neuroblastoma cells and induced RARS
mRNA expression with equal capabilities. Other studies show
however, that 9-cis-RA is more potent in its differentiating and
anti-proliferative capabilities (Han et al., 1995; Lovat et al., 1997).
Opposite effects of 9-cis-RA and atRA have also been observed
(Hellemans et al., 1999), but these did not involve the nervous
system.

A novel finding from this study was that 9-cis-RA induced
positive growth cone turning and this is the first evidence from
any species that 9-cis-RA may act as a potential guidance mole-
cule in the nervous system. In vertebrates, Maden et al. (1998a)
showed that embryonic chick neurons grew toward a source of
atRA (2 X 10 ~° M) and we have previously shown that exogenous
atRA induced directed outgrowth from the adult newt spinal
cord (Dmetrichuk et al., 2005). Although directed outgrowth
with atRA has been observed, our previous studies with Lymnaea
cultured neurons were the first demonstration of individual
growth cone turning in response to atRA (Dmetrichuk et al.,
2006). We now demonstrate that 9-cis-RA can produce a very
similar turning response in growth cones from the same identi-
fied neurons, providing the very first evidence for a chemotropic
response by this specific isomer, and suggesting a physiological
role in axonal pathfinding.

Very little is currently known about the cellular and molecular
mechanisms underlying RA-induced neurite outgrowth. It is also
not yet known whether 9-cis-RA and atRA’s chemotropic and
neurotrophic effects occur through an independent mechanism
or by a shared mechanism. Our experiments showed that cells
plated in both 9-cis-and atRA together, did not demonstrate sig-
nificantly different levels of outgrowth, suggesting that the two
isomers did not have an additive effect. However, it may be that
our outgrowth assay is not sensitive enough to show additive
effects as a result of merely doubling the RA concentration and
previous unpublished experiments by our laboratory using dif-
ferent doses of atRA (107 M and 5 X 10 ~® m) support this
notion. As Ca*" is well known to play a role in neurite outgrowth
and extension (for review see Kater and Mills, 1991), we tested
whether Ca** influx may play a role in the 9-cis-mediated out-
growth in the Lymnaea neurons. We found that in the presence of
both low extracellular Ca** and the Ca*>" channel blocker, cad-
mium, the % cells grown in 9-cis-RA was not significantly af-
fected, although the neurite extension was significantly reduced.
These data suggest a role for Ca”* influx in the 9-cis-RA mediated
neurite extension. Further experimentation will however be re-
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quired to fully elucidate the pathways involved in the RA neurite-
inducing effects, as well as to determine the potential role of the
nuclear receptors in this effect.

RA acts as a transcriptional activator of many downstream
regulatory molecules by binding to specific nuclear receptors,
the retinoic acid receptors (RARs) and the retinoid X receptors
(RXRs). In nonchordates (including Lymnaea) an RAR has
not yet been identified (Wiens et al., 2003), with the only
invertebrate genes with any degree of similarity having been
identified in Drosophila melanogaster (Oro et al., 1988) and the
sponge, Geodia cydonium (Biesalski et al., 1992). However, C.
Carter, R. Carlone, J. Dmetrichuk, and G. Spencer (GenBank
Accession No. AY846875, unpublished data) have cloned a
full-length cDNA for RXR from the Lymnaea CNS which has
89% identity in the DNA binding domain and 81% identity in
the ligand-binding domain with rat RXRa. Although it is not
yet known whether 9-cis-RA binds to the RXR in Lymnaea,
when the RXR from the mollusc Biomphalaria glabrata was
transfected into mammalian cell lines, it showed transacti-
vated transcription of a reporter gene in the presence of
9-cis-RA (Bouton et al., 2005). This suggests that the mollus-
can RXR has the capability to bind 9-cis-RA, activate tran-
scription and may play a dominant role in invertebrate retin-
oid signaling. Interestingly, Nowickyj et al. (2008) showed that
the locust RXR binds both 9-cis and atRA isomers with similar
affinity, and at a level 2 magnitudes higher than DHA (doco-
sahexaenoic acid, a putative nonretinoid RXR agonist), sug-
gesting it is a retinoid-specific receptor. atRA has also been
shown to upregulate RXR expression in the marine sponge in
addition to exerting morphogenetic effects (Wiens et al.,
2003). Although it is generally believed that the vertebrate
RXRs only bind 9-cis-RA (Chambon, 1996), the above data
and previous studies strongly suggest that the invertebrate
RXRs might also bind atRA with a similar affinity to 9-cis-RA.
Due to the similar physiological effects of the two isomers in
our study, we think it likely that atRA and 9-cis RA may be
acting via the same mechanism, although we have not yet
determined whether this mechanism involves the LymRXR,
nor have we examined the binding affinities of the LymRXR.

In summary, these results represent the first direct evidence of
endogenous retinoids (by their specific configuration) in the in-
vertebrate CNS and provide evidence for a similar physiological
role for both atRA and 9-cis-RA in the regeneration and growth
cone guidance of cultured neurons, at least in this invertebrate
species.
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