Development 130, 3977-3987 3977
© 2003 The Company of Biologists Ltd
doi:10.1242/dev.00612

Nitric oxide and cyclic nucleotides are regulators of neuronal migration in an

insect embryo

Annely Haase and Gerd Bicker*

School of Veterinary Medicine Hannover, Cell Biology, Bischofsholer Damm 15, D-30173 Hannover, Germany
*Author for correspondence (e-mail: gerd.bicker@tiho-hannover.de)

Accepted 16 May 2003

SUMMARY

The dynamic regulation of nitric oxide synthase (NOS) activator of sGC, and membrane-permeant cGMP,
activity and cGMP levels suggests a functional role in the indicating that NO/cGMP signalling is essential for MG
development of nervous systems. We report evidence for a neuron migration. Conversely, the stimulation of the
key role of the NO/cGMP signalling cascade on migration cAMP/protein kinase A signalling cascade results in an
of postmitotic neurons in the enteric nervous system of the inhibition of cell migration. Activation of either the cGMP
embryonic grasshopper. During embryonic development, a or the cAMP cascade influences the cellular distribution
population of enteric neurons migrates several hundred of F-actin in neuronal somata in a complementary
micrometers on the surface of the midgut. These midgut fashion. The cytochemical stainings and experimental
neurons (MG neurons) exhibit nitric oxide-induced cGMP-  manipulations of cyclic nucleotide levels provide clear
immunoreactivity coinciding with the migratory phase. evidence that NO/cGMP/PKG signalling is permissive for
Using a histochemical marker for NOS, we identified MG neuron migration, whereas the cAMP/PKA cascade
potential sources of NO in subsets of the midgut cells below may be a negative regulator. These findings reveal an
the migrating MG neurons. Pharmacological inhibition  accessible invertebrate model in which the role of the NO
of endogenous NOS, soluble guanylyl cyclase (sGC) and cyclic nucleotide signalling in neuronal migration can
and protein kinase G (PKG) activity in whole embryo be analyzed in a natural setting.

culture significantly blocks MG neuron migration. This

pharmacological inhibiton can be rescued by Key words: Nitric oxide, cGMP, cAMP, Enteric nervous system,
supplementing with protoporphyrin IX free acid, an PKG, Locusta migratoria

INTRODUCTION studies also suggests an involvement of NO/cGMP signalling
in neurite growth, synaptogenesis and synaptic maturation
Neuronal migration is central to the development of nervouprocesses (Wu et al., 1994; Wang et al., 1995; Cramer et al.,
systems, as neurons are usually born in specializetb96; Truman et al., 1996; Ball and Truman, 1998; Gibbs and
proliferative zones but finally reside in distinct locations of theTruman, 1998; Wildemann and Bicker, 1999; Seidel and
mature nervous system. Thus, directed cell migration i8icker, 2000; Leamey et al., 2001). Moreover, the recent
necessary for these neurons to reach their ultimate destinatianalysis of cGMP-dependent protein kinase | deficient mice
(Hatten, 1999; Nadarajah and Parnavelas, 2002). has revealed axon guidance defects of sensory neurons
An emerging theme in neuronal navigation is that(Schmidt et al., 2002). So far, NO/cGMP signalling has not
extracellular axon guidance cues can also guide directdzben implicated in the migration of postmitotic neurons.
migration of nerve cell bodies (Hedgecock et al., 1990; Serafini The formation of the insect enteric nervous system (ENS)
et al.,, 1996; Mitchell et al., 1996; Wu et al., 1999; Zhu ef(reviewed by Hartenstein, 1997) provides a well established
al., 1999; Song and Poo, 2001; Causeret et al., 2002). Anodel to study the cell biology of neuronal migration. In this
increasing number of investigations have implicated theaper, we focus on the directed migration of enteric neurons in
gaseous signalling molecule nitric oxide (NO) (reviewed bythe grasshopper, which populate a nerve plexus that spans the
Bredt and Snyder, 1992; Dawson and Snyder, 1994; Garthwaiteidgut (Ganfornina et al., 1996). The midgut plexus neurons
and Boulton, 1995) and its main effector, the cGMP(MG) neurons arise in a neurogenic zone in the foregut,
synthesizing enzyme soluble guanylyl cyclase, in mechanisnierming a packet of postmitotic but immature neurons at the
of neurite growth. Investigations on cultured neurons havéoregut-midgut boundary. Subsequently, they undergo a rapid
revealed that NO affects a multitude of growth cone behavionghase of migration, during which the neurons cross the foregut-
(Hess et al., 1993; Renteria and Constantine-Paton, 1995; Hadgut boundary and migrate several hundred micrometers
et al., 2002; Hindley et al., 1997; Poluha et al., 1997; Vaposteriorly on the midgut surface. At the completion of
Wagenen and Rehder, 1999). Evidence from developmentaligration, the MG neurons invade the space between the four
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migratory pathways and extend terminal synaptic branchesxadiazolo[4,3-a]quinoxalin-1-one (ODQ, Alexis, San Diego, CA)
on the midgut musculature (Ganfornina et al., 1996). In thevere dissolved in dimethyl sulfoxide (DMSO) to provide a final
hawkmoth Manduca migrating enteric plexus neurons conce_ntration of 5 mM DMSO _in culture medium. Control culturgs
synthesize cGMP in response to the application of exogenom‘;i?int"’“m?d_(tjlhe ?glr\lns)Cot';]ce”trhat'O”hOL_D'\i'SO- Th_eh'\_‘t?t'dogo_f S%d'tu?“
NO (Wright et al., 1998). In this study, the pharmacologica['!''oPrussiae , the phosphodiesterase innhibitor’ s-1Sobutyl-
blocking of NO/cGMP signalling effects only post migratory melt\;‘glxamg'”?h(mg?é theh‘.ﬁ.stMP gnBalogon 8-Bromo-<:5%CMPl_(8Br-
tic branch formation, but not the actual process of ¢ ) and_the Inhibitor _ 8-Bromo-guanosin&Sacyclic
synapt . y onohosphothioate Rp-Isomer (RPcGMPS, Alexis) were dissolved
migration (erght_et al., 1998). _ ~ directly in L15 medium.
We have examined the role of NOS and cyclic nucleotide
signalling in the regulation of neuronal migration in the ENSAnti-acetylated ~a-tubulin immunocytochemistry
of the hemimetabolous grasshoppesdusta migratorip We  To visualize the migrating neurons on the midgut, the preparations
find that the MG neurons of the grasshopper exhibit inducibleere labeled with an antiserum against acetylatéabulin (Sigma),
cGMP-immunoreactivity (cGMP-IR) throughout the phase ofa characteristic feature of stable microtubular arrays in axons. This
migration and continue to show high levels of anti-cGMpantiserum stains somata and neurites of the MG neurons (Ganfornina
staining in the phase of lateral axon branching and thgt al-, 1996).

: . . The fixed guts were permeablized in 0.3% Saponin-PBS
formation of terminal processes. When the midgut plexu hosphate-buffered saline, pH 7.4) for 1 hour and subsequently

acquires its mature configuration, the cGMP-IR decreaseg;,cyed in 5% normal goat serum in PBT (PBS + 0.3% BSA + 0.5%
Using NADPH-diaphorase staining as a histochemical markefiion) for 1 hour. The polyclonal mouse antiserum against acetylated
for NOS, we identify potential sources of NO in subsets of thg-tubulin was applied at a dilution of 1:250 in PBT/5% normal horse
midgut cells below the migrating MG neurons. serum at 4°C overnight. After washing in PBT, the guts were exposed
Pharmacological inhibition of endogenous NOS, sGC antb a biotinylated horse anti-mouse antibody (Vector, diluted 1:250).
PKG activity in embryo culture results in a significant delay ofFor visualization of antia-tubulin immunoreactivity we used
MG neuron migration. This pharmacological perturbationStreptavidin-Cy3 (Sigma, diluted 1:250) as fluorescent marker. Guts
of MG neuron migration can be rescued by supplementinyre clgared in a glycerol series (50%, 90% in PBS) and mounted in
with protoporphyrin IX free acid, an activator of sGC vectashield (Vector).
and membrane-permeant cGMP. Whereas NO/CGMP/PKGnaysis of MG neuron migration

S|gnal_llng IS a positive regulator Of. MG heuron tranSIOCat'onPreparations were observed using a Zeiss Axiovert microscope.
the stimulation of the cAMP/PKA signalling cascade results irpjctyres were captured with an AxioCam HRc linked to a Zeiss image
an inhibition of cell migration. Correspondingly, activation of processing system. We measured the distance from the foregut-midgut
the cGMP and cAMP cascade appears to influence the cellulgsundary to the position of the leading MG neuron (Wright et al.,
distribution of F-actin in the MG neurons in an antagonisticl998). A Mann-Whitney U-test was employed for statistical
fashion. Together, these findings represent the first evidencemparisons of the means of the experimental and the control groups.
for a functional role of NO/cGMP/PKG signalling during Histogram values indicate the mean valuests.e.m. as percentage of

migration of postmitotic neurons. the matched control values of each experiment, us#2§ embryos
for each experimental group. All significance levels are two-tailed.

For visualization of the migration pattern on the midgut, captured

images of the immunolabelled MG neurons were traced and arranged
MATERIALS AND METHODS as drawings.

Locusta migratoriaeggs were collected from a crowded laboratoryAnalysis of neurite branching
culture and kept in moist petri dishes at 30°C. Staging of the embrydghe extent of neurite branching was measured similar to the approach
was based on the system of Bentley et al. (Bentley et al., 1979) witlsed forManduca(Wright et al., 1998) according to the method of

additional criteria for later embryos (Ball and Truman, 1998). Weeks and Truman (Weeks and Truman, 1986). Digital images of the
) ] ) enteric plexus were stored and processed using Photoshop (Adobe).
In vivo culturing experiments The image was marked with a grid of 4%fworresponding to a 3.8

Embryos used for culture experiments were staged between 60% ama? area within the embryo) divided into 64 squares. The number of
63% of embryonic development (% E). During these stages, the M&quares containing neurite processes on the midgut were counted and
neurons had not migrated more tharp4® along the midgut surface. averaged for each gut. The mean values were calculated from four
An optimal stage for in vivo culturing and pharmacological grids per gut using six to eight guts for each experimental group.
manipulation was indicated by the first appearance of brownisBtatistical analyses were performed using a Mann-Whithésst.
pigmentation at the tips of the antennae. ) ) ]

Eggs were sterilized in 70% ethanol and dissected in sterile cefinti-cGMP immunocytochemistry
culture medium (L15, Gibco, Life Technologies), supplemented wittEmbryos of stages 55-95% E were opened dorsally and guts were
1% penicillin-streptomycin solution (10,000 units/ml). A small dissected out in ice-cold L15 medium. To induce activity of sGC, guts
incision in the dorsal epidermis was created directly above the foregwiere exposed to SNP (1Q®/1) in the presence of IBMX (1 mM) for
Embryos were then allowed to develop for 24 hours at 30°C in th20 minutes at room temperature (De Vente et al., 1987; Seidel and
presence of pharmacological substances. The incision did not res&itker, 2000). The guts were fixed in PIPES-FA overnight at 4°C and
and thus, the developing ENS was exposed to the pharmacologiqgarmeablized in 0.3% Saponin-PBS for 1 hour. After blocking in
agents during the whole culturing period. Finally, guts were dissecteddBT/5% normal rabbit serum, the primary sheep anti-cGMP
out of the embryos and fixed in PIPES-FA (100 mM PIPES, 2.0 mMantiserum (courtesy of Dr Jan De Vente) (see Tanaka et al., 1997) was
EGTA, 1 mM MgSQ, 4% paraformaldehyde, pH 7.4) overnight at applied (dilution 1:5000) at 4°C overnight. Subsequently, the guts
4°C. were exposed to a biotinylated rabbit anti-sheep antibody (Vector,

The NOS inhibitor 7-nitroindazole (7NI, Alexis), the sGC activatordiluted 1:250). Immunoreactivity was visualized by standard
protoporphyrin IX free acid (Alexis), and the sGC inhibtor 1H-[1,2,4]- peroxidase staining techniques using the Vector ABC kit. For
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guantification of cGMP-IR neurons at different embryonic stages, 1 A
guts were counterstained with anti-acetylagetdibulin, as described

above. For the stages 55% to 95% E, the total numbertabulin foregut midgut hindgut
and cGMP-positive MG neurons was calculated for each preparati mg_~ T

The mean values and s.e.m. were calculated for each developme 60% - ‘.“/:,___'
stage §=5). HIESRK% . S
NADPH-diaphorase staining

For NADPH-diaphorase histochemistry, guts of stages between 5 65% _«ﬁ_//#:#; “\I\__
and 95% were dissected in L15 medium. The guts were fixed in . - L
PIPES-FA with 10% methanol for 1 hour on ice. Subsequently, t =
preparations were permeablized in 0.3% Saponin-PBS for 30 minu

After rinsing in 50 mM Tris-HCI (pH 7.8), the guts were incubate 70%

in 0.1 mMB-NADPH/0.1 mM Nitro Blue Tetrazolium in Tris-HCI at
room temperature (in the dark) for 1 hour. Subsequently, the fis:
was washed in PBS and cleared in glycerol series.

75%
Phalloidin staining of actin cytoskeleton in isolated MG
neurons
A cell blotting procedure was chosen for better visualization of t
actin cytoskeleton. The embryos were cultured in the pharmacolog 80%

compounds leaving the natural tissue environment inta
Subsequently, the gut was dissected out, the yolk was removec
forceps and the gut was transferred to a petri dish containing 3 ml |

medium and a poly-L-Lysine (1Qg/ml) coated coverslip at the | g T g0 T
bottom. Using a dissecting microscope for visual control, the gut w 85% - ”{:{?‘%3_1"_25:“‘%%@ ,ff?gt“
carefully rolled on the coverslip. During the blotting procedure, tt %x&%ﬂw

MG neurons adhered to the coated surface, while the intact
epithelium was finally removed from the petri dish. The blotted ce -
were immediately fixed with PIPES-FA for 15-30 minutes on ice. Tl 95% = - T T~
immediate access of the fixative ensured the rapid preservation o )\
actin organization in the region of the cell body. Tl - e e

For visualizing the actin cytoskeleton in MG neurons, F-actin w
stained with AlexaFluor 568 phalloidin (Molecular Probes) accordir B

to the instructions of the supplier. The neuronal identity (Jan and J - 1001 ] miE 1 l
1982) of the blotted cells was confirmed using an antiserum aga % 5 80

horseradish peroxidase (anti-HRP, Jackson Immunoresearch). 3=

primary goat anti-HRP antiserum was applied at a dilution of 1:50 5 (‘; 60

in blocking solution for 30 minutes. Subsequently, the neurons wi &=

rinsed in PBS and exposed to a biotinylated secondary antibc £ 2 40

(Vector, diluted 1:250). Immunoreactivity was visualized usin S G

Streptavidin Alexa Fluor 488 conjugate (Molecular Probes). g8 20

To analyze cytoskeletal rearrangements, we examined for e

blotted gut 50 neurons from randomly chosen visual fields on 1 0 55 60 65 70 75 80 85 90
coverslip. For each experiment, five guts were evaluated under
fluorescence microscope. Depending on the F-actin distribution, t
phenotypes could be readily assigned to the cell bodies. One wagy. 1.NO induced cGMP-immunoreactivity of MG neurons during
characterized by a dense network of F-actin bundles spanning theidgut plexus development. Guts were incubated with SNP and then
soma, whereas in the other discrete F-actin bundles were almdgimunostained with an anti-cGMP antiserum. (A) Images were
completely absent. To quantify these results, we assigned somata wittawn from individual preparations. Each panel shows a dorsal view
more than three bundles to one group (here called the stationagy the embryonic gut: ingluvial ganglion (ig), the midgut is marked
phenotype) and somata with equal or less than three discrete filiargray; mg indicates midgut neurons. For the sake of clarity, the
bundles to the other group (the migratory phenotype). A Manneaeca are not shown. Scale bar: g6 (B) Appearance of NO-
Whitney U-test was employed for statistical comparisons. Histograminduced cGMP-IR in MG neurons. The total number of MG neurons
values indicate the mean valuests.e.m. as percentage of the matcheg calculated from anti-acetylateetubulin staining which labels
control values of each experiment. All significance levels are twoall MG neurons. The percentages of cGMP-positive MG neurons
tailed. during different embryonic stages are shown. The mean values and

. . ) s.e.m. were calculated for each developmental steg®).(At 55%
Time-lapse video microscopy E, almost no cGMP-IR was found in the premigratory population of
For in situ video microscopy of living MG neurons we used embryosMG neurons. When migration started at about 60% E, all migrating
staged between 64% and 68% E. To trace cell migration with MG neurons showed strong levels of anti-cGMP staining. The MG
lipophilic dye, guts were dissected in 3 ml L15 medium in anneurons exhibited cGMP-IR throughout the phase of migration (60-
incubation chamber with a glass cover slip as bottom. Thepl @  70% E) and continued to show high levels of anti- cGMP staining in
DiO (1 ug 3,3-dioctadecycloxacarbocyanine perchlorate, Molecularthe phase of lateral axon branching and the formation of terminal
Probes, dissolved in 0.5 ml 100% Ethanol) were applied to thgprocesses on the midgut musculature (70-85% E). When the midgut
incubation chamber, so as to form a thin DiO layer on the surface @lexus acquired a mature innervation pattern (90 and 95% E), there
the L15 medium. The anterior parts of the guts were carefully raise@as a rapid decrease of cGMP-IR.

% of embryonic development
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several times to the level of this layer, which resulted in intens¢he MG neurons accumulate near the foregut-midgut boundary
staining of the MG neurons and parts of the midgut cells. The Di@nd start to migrate posteriorly (Fig. 1A, Fig. 2A,B). At this

layer on the surface was removed with filter paper and the guts weggage, first cGMP-IR became visible and persisted during the
washed several times in L15 medium. following stages. The onset of detectable levels of cGMP-IR

Each preparation was placed in a PTC-10npi warming heal§giihin the MG neurons occurred rapidly (Fig. 1B). Between
(33°C) on the stage of a Zeiss Axiovert 35 fluorescence microsco % and 65% E, all migrating MG neurons acquired

equipped with FITC filters. A 10% neutral density filter was used to - . o . .
attenuate the excitation light emitted by the Xenon lamp. Images we bstantial levels _Of immunoreactivity (Fig. 1, Fig. 2F). The
captured at 20 minute intervals for a minimum of 2 hours with d1G neurons exhibited cGMP-IR throughout the phase of

Hamamatsu 2400 SIT camera linked to Simple PCI computefigration (Fig. 1, Fig. 2G) and continued to show high levels
software (Hamamatsu, Hamamatsu City, Japan) which also controll@f anti-cGMP staining in the phase of lateral axon branching
the opening of the shutter in the light path of the fluorescencand the formation of terminal processes on the midgut (Fig. 1,

excitation. Brightness and contrast of the photos were enhanced willig. 2H). The immunoreactivity was visible in the cell bodies
Adobe Photoshop 6.0.

I | B
RESULTS A ’ e "..r.. .
ig L | \ mg_
NO-induced cGMP-immunoreactivity and NADPH- )‘ mg s }W— e
diaphorase staining of the developing enteric 3 " - 1
midgut plexus ca” &R
During the formation of the midgut plexus of the grasshoppe s Ca —

enteric nervous system, postmitotic neurons arise in

neurogenic zone on the foregut and then migrate laterally i C D

accumulate at the posterior edge of the ingluvial ganglic

(Ganfornina et al., 1996). The migrating neurons are of bipole

morphology with short processes running posteriorly. The * ..__.- -
processes that are trailing behind establish the four midg! L

nerves, two derived from each ingluvial ganglion (Ganfornine

et al.,, 1996). Our results revealed that sGC activity in thi  ————— [R—

neuritic branches and the cell bodies (Fig. 1A,B) of the MC
neurons is developmentally regulated, coincident with thei
movement on the midgut surface. Prior to the onset ¢
migration (up to 60% E) we could not detect NO-inducec
cGMP-IR in MG neurons. At 62% of embryonic development,

Fig. 2. Developmental expression of NO induced cGMP-IR in MG
neurons and NADPH diaphorase staining of the midgut epithelium.
(A) At about 60% of embryonic development (% E), the MG neurons
(mg) formed a cellular packet at the foregut-midgut boundary
(vertical line indicates boundary). Caeca (ca) were not stained. At
this stage, all MG neurons began to show strong anti-cGMP staining.
In the ingluvial ganglion (ig), some neurons expressed sGC activity
(lateral view). (B) Between 60 and 65% E, the first MG neurons
started to migrate posteriorly on the midgut surface. All MG neurons
showed high levels of anti-cGMP staining. (C,D) Between 60 and
65% E, NO-sensitive sGC activity was expressed in the cell body and
the advancing processes of the leading MG neurons. (E) At 60% E,
first NADPH-diaphorase staining was present in distinct cells of the
midgut. The inset of the designated area shows an example of
NADPH-diaphorase-positive cellular staining. The first appearance
of the diaphorase staining was coincident with the onset of MG
neuron migration (compare to A with B). (F) Anti-cGMP-IR at 65%
E; lateral view. At this stage, anti-cGMP IR was present in cells of
the ingluvial ganglion, the enteric nerves and the foregut neurons
(fg). Some of the midgut neurons migrated laterally to form a nerve
ring near the foregut-midgut boundary. (G) At 70% E, the MG
neurons were still migrating posteriorly. The leading as well as the
following neurons of one migratory pathway showed strong cGMP-
IR. (H) During the phase of lateral neurite branching and the
formation of terminal processes on the midgut musculature, the MG
neurons continued to exhibit strong cGMP-IR. These micrographs
were compiled from several focal planes. Scale bargnbth A,B;
20um in C,D; 200um in E,F; 25um in G,H.
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and processes of the neurons (Fig. 2C,D). At 80% E, some M&nbryos in culture with 7NI plus protoporphyrin I1X free acid
neurons leave the main migratory routes to spread out betwegfig. 3, Fig. 4C) as well as with ODQ plus 8Br-cGMP (Fig. 3,
the midgut nerves (Ganfornina et al., 1996). Between 90% arfelg. 4D). Embryos cultured in the presence of 7NI showed a
95% E the midgut plexus acquires a mature branching pattesmgnificant reduction of migration. However, adding 1 mM
(Ganfornina et al., 1996), accompanied by a rapid decrease pnotoporphyrin IX free acid led to a complete recovery of the
the percentage of cGMP expressing neurons (Fig. 1).
NO-sensitive sGC activity was also present in the branche
of the hindgut nerves (Fig. 1A). The leading processes of the:

abdominal neurons exhibited inducible cGMP-IR at the time
of their initial growth onto the hindgut and remained
immunopositive throughout their subsequent elaboration ¢
processes on the hindgut and posterior midgut musculature.
Moreover, we identified potential sources of NO near the
MG neurons, using NADPH-diaphorase staining of formalin-

fixed embryonic guts as a histochemical marker for NOS
We found the blue precipitate of the diaphorase stainin
concentrated in a subset of the midgut cells (Fig. 2E)
Remarkably, the NADPH-diaphorase staining was alst
developmentally regulated. Diaphorase staining of the midgt start control
cells was visible during a developmental period ranging fron
about 60% to 95% of development. Between 60% to 65% E
diaphorase activity was restricted to an intense band of stainit
on the midgut surface, adjacent to the foregut-midgu
boundary, which corresponded to the position of the migratin b
MG neurons. At later stages, discrete NADPH-diaphorase
positive cells were found evenly distributed over all areas ¢
the midgut epithelium.

7NI
(Fig. 3, Fig. 4B). A potential downstream effector protein for
cGMP signalling are cGMP-dependent protein kinases (Wan oDQ oDQ +
and Robinson, 1997). In embryos treated with the specifi 8Br-cGMP

inhibitor RPcGMPS, which irreversibly binds to PKG

(Layland et al., 2002), MG neuron migration was significantly
reduced_ 'compared with control-treated animals (Fig. 4A)Fig. 3.MG neuron migration under the influence of neurochemicals
In addltlon, cultured embryos were also exposed ¢hat affect the NO/CGMP signalling pathway. Images were drawn
neurochemicals that elevated cGMP levels. We appliefrom individual guts that were stained with amttubulin antiserum.
protoporphyrin  IX free acid which stimulates SGC At the beginning of the experiment, MG neurons migrated not more
independently of NO (Wollin et al., 1982). The membranethan 40um on the midgut surface (start). The next drawing shows
permeable 8Br-cGMP was used to raise cGMP levels directinormal MG neuron migration after 24 hours incubation under control
Neither SNP, protoporphyrin IX free acid nor 8Br-cGMP hadculture conditions (control). MG neuron migration was inhibited in

any effect on the normai migration of the MG neurons (dat@n mbryo that was exposed to $08 7NI (7NI). This disruptive
not shown) effect of 7NI could be rescued by the addition of 1 mM

protoporphyrin IX free acid so that the MG neurons again covered
_ _ ; ; the normal distance (7NI + protop.). MG neuron migration was
mgsa;r?dCSGGMCPinir;giltczgz rescue disruptive effects of reduced in an embryo that was exposed to20@0DQ (ODQ). The
. . i inhibitory effect of ODQ was rescued by the addition of membrane
To test if the disruptive effects of 7NI and ODQ can be reversegermeable 8Br-cGMP (ODQ 2QM + 8Br-cGMP). Scale bar:
by adding activators of NO/cGMP signalling, we treated200um.

NO/cGMP/PKG signalling is a positive regulator of

MG neuron migration

Neurochemicals that inhibited the NO/cGMP pathway
significantly affected the migration of MG neurons (Figs 3, 4)
When embryos at 62% of development, a stage at which tt
MG neurons initiate their migration, were allowed to develog
in culture for 24 hours, we observed that MG neuron migratio
proceeded normally (Figs 3, 4). By contrast, migration wa:
significantly reduced in embryos that were exposed tqub00
NOS inhibitor 7NI (Doyle et al., 1996) (Fig. 3, Fig. 4A).

To test for an involvement of the target enzyme sGC in MC
neuron migration, embryos were cultured with the specifit
inhibitor ODQ (Boulton et al., 1995). This treatment reducec
MG neuron migration in a concentration-dependent manne
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A 120 B 140 .
= 100 1 c 1204 L obQ Fig. 4.Blocking of MG neuron migration
S _ 2 _ 100 | by enzyme inhibitors of the
52 &0 *x 58 NO/cGMP/PKG pathway and the
£8 0 £ Al CAMP/PKA cascade. Histograms show the
2% sk it § 5 60 4 - distance migrated by the leading MG
5 £ 404 §8 40 neuron on the midgut. (A) After 24 hours,
2 4 z a0 | ’_]_‘ normal migration of MG neurons was
found in cultured control embryos=£21).
¥ control 7Nl ODQ RPcGMPS 0 control  SOpM 100 pM 200 pM mgugigr%ntmalgngenn\évea szIagmr:ulfI(?:ETﬂy
C 120, ; D 12 (n=21), 200uM ODQ (n=20) and 5QuM
c 100 1 c 100 1 1 RPcGMPS(=21). (B) ODQ reduced MG
2 _ 2 neuron migration in a concentration-
58 804 52 80 dependent manner. Normal migration of
E § 60 | E 5 60 MG neurons was highly significantly
o5 ° inhibited in embryos that were cultured in
e 40 1 2 40 1 the presence of 2QdM ODQ (control,
2 - n=21; 200uM, n=20; 100uM, n=20; 50
LS 5 20 UM, n=24). (C) Histogram shows that
0 -~ 0 | . incubation in 50QuM 7NI resulted in a
control 7N M control 0D oDQ + significant reduction of the migratory
E 120 Protop. SEne distance (7NIn=21) when compared with
1 cultured control embryos (control). This
§ L disruptive effect of 7NI could be rescued by the addition of 1 mM protoporphyrin IX free acid
€% 0 so that the MG neurons again covered the normal distance (7NI + protoporped);
EE by - (D) Incubation in 20QuM ODQ resulted in a significant reduction of the migratory distance
E .; 60 1 (ODQ; n=20) when compared with cultured control embryos (contre21). This disruptive
22 40 effect of ODQ could be rescued by the addition of 8Br-cGMP such that the MG neurons
£ again covered the normal distance (ODQ + 8Br-cGM#20). (E) MG neuron migration was
- 20 significantly reduced in the presence of L0 forskolin (1=20) and 5QuM SPcAMPS
0 (n=21). By contrast, 50M RPcAMPS had no significant effect on migratior21) when

control  Forsk. SPcAMPS RPcAMPS compared with controls (control). P<0.005; ***P<0.001.

normal MG neuron migration (Fig. 3, Fig. 4C). Embryosreduced in embryos that were exposed to [id0forskolin in
cultured in the presence of 20 ODQ showed a significant the presence of the phosphodiesterase inhibitor IBMX (Fig.
inhibition of normal MG neuron migration. Again, addition of 4E). When the membrane permeable ligand SPcCAMPS (50
500 uM of the membrane permeable 8Br-cGMP rescued thaM) was used to activate PKA directly, MG neuron migration
inhibitory effect of 200pM ODQ on cell migration and was also significantly reduced (Fig. 4E), whereas exposure to
resulted in a normal migration pattern (Fig. 3, Fig. 4D). the specific PKA inhibitor RPCAMPS (50M) had no effect

o o ) on the normal migration of the MG neurons (Fig. 4E).
Inhibition of sSGC and NOS activity perturbs neurite

branching Organization of F-actin cytoskeleton in MG neurons

Similar to the development of the enteric plexudlianduca Cellular movement results from the reorganization of the
(Wright et al., 1998), inhibitors of both NOS and sGC activitycytoskeleton. To investigate changes in the cytoskeletal
applied to cultured embryos (80% E) influenced neuriteorganization caused by NO/cyclic nucleotide signalling, we
branch formation substantially. We found that neurite growtlexamined the pattern of phalloidin-labeled F-actin in isolated
proceeded normally in control cultures. By contrast, treatmem¥IG neurons. In control experiments, we found F-actin staining
with either 500uM 7Nl or 200 uM ODQ resulted in a predominantly in the neurites. In these cells, distinct bundles
significant reduction in terminal branch formation. Theof F-actin fibers were almost absent from the somata. Fig. 5A
percentage of terminal arbor density was reduced by 7NI tshows a representative example with only a single F-actin
44% (s.e.m.=3.439n=6; P<0.005) and by ODQ to 46% bundle extending from the neurite into the cell body. This
(s.e.m.=2.146n=6; P<0.0059) compared with control values cytoskeletal arrangement is indicative for a motile cellular

(100%+4.532n=8). phenotype. Quantification of the stainings showed that under
. o . these control conditions where neuronal migration proceeded

CAMP signalling is a negative regulator of MG normally, 70% of the MG neurons showed this motile

neuron migration phenotype (Fig. 5B,C). Conversely, in MG neurons treated

As the cyclic nucleotide cGMP is permissive for normal MGwith the sGC inhibitor ODQ, prominent F-actin staining was
neuron migration, we examined also a potential contribution afoncentrated in the somata. The F-actin fibers formed a dense
cAMP signalling on cellular motility. To elevate cCAMP levels, net of multiple actin-bundles in all parts of the cell body (Fig.
we cultured embryos in forskolin (1QM), which stimulates  5A). This phenotype, which is likely to reflect a stationary cell
the adenylate cyclase (AC). MG migration was significantlywas shown by 90% of the neurons. Adding the membrane-
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Fig. 5. F-actin staining in isolated MG neurons. (A) The control shows a representative example of the so called migratory-phiémétype, w
actin staining in the neurite and only a single fiber bundle in the soma (red). When the embryos were cultured in ODQ,ufendshowed

a stationary-phenotype with multiple actin fiber bundles in the somata (ODQ). Co-staining with anti-HRP antiserum (greethereveal
neuronal identity of the cell (anti-HRP), whereas non-neuronal cells are unlabelled. Scale jpars{B)0Quantitative evaluation of the actin
cytoskeleton. After incubation in neurochemicals for 24 hours, a high percentage of MG neurons show the normal migrayg iphenot
cultured control embryos (control). Conversely, a significantly smaller number of neurons with migratory phenotype washfeymesence

of NOS inhibitor 7NI (50QuM). The disruptive effect of 7NI on the actin cytoskeleton could be rescued by the addition of 1 mM
protoporphyrin IX free acid (7NI + protop.). Similarly, the number of MG neurons showing the migratory phenotype was reztuced af
incubation in the sGC inhibitor ODQ (2@®/). This disruptive effect of ODQ on the actin cytoskeleton organization could be rescued by the
addition of 50QuM 8Br-cGMP (ODQ + 8Br-cGMP). (B) Neurochemicals that affect the cAMP/PKA pathway also had an effect on the actin
organization. A significantly smaller number of neurons from embryos cultured in the AC activator forskofiM{1@0the PKA activator
SPcAMPS (5QuM) showed the migratory phenotype as compared with controls. The PKA inhibitor RPCAMBB)5@d no significant

effect on the actin cytoskeleton organizatiorP<®.005; ***P<0.001.

permeable 8Br-cGMP to the culture medium completelywas analyzed under time-lapse video microscopy (Fig. 6). The
reversed the effect of ODQ. Similar to the expression level ahovements of DiO-stained MG neurons were followed on
control conditions, 94% of the MG neurons showed the motiléntact midguts for 2 hours, showing that the average velocity
phenotype in these rescue experiments (Fig. 5B). 8Br-cGMmigrated by each celh€5) was ~12um/hour (Fig. 6). When
which had no effect on normal migration of the MG neuronghe migrating neurons were exposed to 200 ODQ, all
did not affect the distribution of F-actin (data not shown)neurons immediately stopped migratior=5) (Fig. 6). This
Blocking of endogenous NO synthesis with the inhibitor 7NIshows that the pharmacological treatment does not cause any
did also reduce the expression of the motile phenotype to 12%isrouting or reversion of the movement direction.
which could be rescued again by activating sGC with
protoporphyrin to control levels (Fig. 5B).

Neurochemicals that activated the cAMP/PKA pathwayP!SCUSSION
significantly affected the F-actin distribution in MG neurons. ) o o
When the MG neurons were exposed to forskolin @@pin ~ NO/cGMP signalling is permissive for MG neuron
the presence of the phosphodiesterase inhibitor IBMX (5001gration
pM) only 20% of the MG neurons showed the motileln this paper, we have provided evidence that NO/cGMP
phenotype (Fig. 5C). Forskolin without IBMX had no signalling is essential for the regulation of neuronal migration
significant effect on the actin cytoskeleton (data not shown)n the developing ENS of the grasshopper. We found that
Embryo culture in the PKA activator SPCAMPS (&) did blocking of endogenous NO synthesis by the NOS inhibitor
also reduce the expression of the motile phenotype (Fig. 5BJNI disrupts migration of the MG neurons (Fig. 4A). Treatment
whereas inhibition of PKA by RPCAMPS (30M) resulted in  with ODQ, a specific inhibitor of sGC also prevented the MG
no differences in the F-actin distribution compared withneuron migration in a dose-dependent manner (Fig. 4B). In

controls (Fig. 5C). embryos treated with the specific PKG inhibitor RPcGMPS,
) ) ) o MG neuron migration was significantly reduced (Fig. 4A). This
Time-lapse video microscopy of living MG neurons effect suggests that cGMP might influence migration via

To investigate the normal migratory behavior of individualactivating PKG.
cells in situ, the motility of fluorescence-labeled MG neurons It is rather unlikely that the pharmacological effects on MG
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1, 2). At the onset of their migration on the midgut surface,
normal mlgratlon first detectable levels of cGMP-IR within the MG neurons

became apparent. The MG neurons exhibited cGMP-IR
throughout the phase of migration and continued to show high
levels of anti-cGMP staining in the phase of lateral axon
branching and the formation of terminal processes on the
midgut musculature (Figs 1, 2). When the midgut plexus
acquired a mature morphology, a rapid decrease in the amount
of cGMP-positive MG neurons occurred (Figs 1, 2). Thus, NO-
e induced sGC activity in MG neurons is developmentally
regulated and correlates with their migratory phase.
In Manducadevelopment, the migrating enteric neurons do
also show NO-sensitive sGC expression. The inhibition of

NOS and sGC causes a reduction of terminal branch formation

in a later phase of development bothManduca(Wright et

al., 1998) and also in our experiments witicusta However,

in contrast to the grasshopper, inhibition of NO/cGMP
signalling inManducadoes not affect neuronal migration and
there was no detectable NO source near the migrating EP
cells (Wright et al., 1998). In the grasshopper, however, we
identified a potential source of endogenous NO in immediate
vicinity to the migrating MG neurons. A subpopulation of the
midgut cells stain for NADPH-diaphorase, a histochemical
marker for NOS (Dawson et al., 1991; Vincent and Kimura,
1992) (Fig. 2E). Similar to the cGMP-IR, the first appearance
of NADPH-diaphorase activity in the midgut epithelium
exactly coincides with the onset of MG neuron migration. The
diaphorase staining persisted throughout the phase of MG
neuron migration and the phase of terminal branch formation.
The conflicting data obtained from neuronal migration
experiments might be due to species-specific differences in the
development of holometabolous versus hemimetabolous
insects. Differences in the experimental procedures of
animal culture, or most likely the concentration of the
pharmacological agents may have also contributed to the
different outcome of the cell migration experiments. For

example, we found a strong inhibitory effect on cell migration
Fig. 6. Time-lapse video microscopy of living MG neurons migrating of the sGC blocker ODQ at 2Q0M (Fig. 4B), a concentration
on the midgut. Examples show DiO-labeled MG neurons from that has not been usedManduca Nonetheless, it should be
embryos staged between 64% and 68% E. Time intervals between stressed that in the grasshopper the ODQ effect could be fully
the images are 20 minutes. On average, MG neurons migrated 12 rescued to normal migratory behavior by a cGMP analogue.
pm/hour under normal conditions. To examine the effects of NADPH-diaphorase histochemistry after formaldehyde
:ﬂhc'gm?rge fnc'é %ﬁ%'ggmgiﬁﬁws&% (F;irgﬁgr%fge‘?’;se'sngubatedfixation is considered to be diagnostic for the presence of NOS
conditions, there was no misrouting of the neurons and they containing cells (Dawson et al., 1.9.91;. Vincent and Kimura,
completely stopped migrating. Scale barspi@ 1992). Measurements of NOS activity in cell homogenates of

the grasshopper nervous system do indeed correlate well with

the biochemical determination of NADPH-diaphorase activity
neuron migration are an artifact of the embryo culture, becausad the histochemical staining pattern of NADPH-diaphorase-
in control cultured embryos, migration proceeded normallypositive cells (reviewed by Bicker, 1998). Nevertheless, the
Intriguingly, the disruption of MG neuron migration caused byresults of the diaphorase method are subject to variations due
inhibiting NO production or cGMP synthesis could be rescuedo the fixation protocols and may even lead to false positive
by exogenous application of membrane-permeant cGMP (Figesults (Ott and Burrows, 1999). However, using an antiserum
4D) and pharmacological stimulation of sGC (Fig. 4C).that recognizes a highly conserved sequence of the different
suggesting that in vivo a certain level of cGMP is necessarjpammalian NOS isoforms, it has been shown that NOS-IR
for MG neuron migration. does indeed co-localize with a NADPH-diaphorase stainings

The experimental findings that NO/cGMP signalling isof the antennal lobe (Bicker, 2001b). This finding supports the

necessary for MG neuron migration receive additional suppornolecular identity of NADPH diaphorase and NOS enzymes
from cytochemical stainings. Treatment with a NO donoin grasshopper tissue fixed according to the histological
induced cGMP-IR in the MG neurons in the developing ENSprotocol of this paper. In the intact embryo, there may be
Moreover, the timing of sGC activity coincides exactly withadditional messenger molecules apart from NO that could
periods of neuronal motility as well as axonal outgrowth (Figsictivate sGC. For example the MG neurons may receive a
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carbon monoxide signal (Baranano and Snyder, 2001) from yebnfined to cells in the vicinity of the four migratory pathways.
unidentified tissue sources. Therefore, we view it as rather unlikely that NO release can
Another line of evidence that indicates that NO/cGMP and therefigure the migratory routes on the midgut.
cAMP/PKA cascade directly act in the migrating MG neurons Alternatively, the midgut cells may synthesize NO in an
comes from the investigation of the cytoskeleton. Cell migratiomnterior/posterior gradient which might provide directional
depends on forces generated by the polymerization of actin information. As we have not found any significant misrouting
cellular protrusions (Lauffenburger and Horwitz, 1996). Wherby the MG neurons after pharmacological inhibition of
we examined the distribution of F-actin in migratory MG NOS or sGC (Fig. 6), there is no evidence for a directional
neurons, we found indeed prominent F-actin based structurgsidance function of NO. This view receives support from
mainly in the cellular processes but not in the cell bodies. Undéransplantation experiments in the ENSMdnducashowing
condition where migration was blocked by inhibitors of thethat EP cells are capable of migrating in both directions along
NO/cGMP/PKG cascade, we found a cytoskeletal organizatiothe host muscle band (Copenhaver et al., 1996).
with a dense network of F-actin bundles spanning the cell body. To fully appreciate the role of NO signalling in cell
Correspondingly, activation of cCAMP/PKA cascade resulted ilmmigration, it is essential not only to investigate the spatial
an inhibition of MG neuron migration that was also distribution of NO synthesizing cells, but also to monitor the
accompanied by a cytoskeletal rearrangement. This distributidemporal pattern of NO/cGMP formation and breakdown.
of actin fibers would be expected in stationary cells (Brown eBimilar to the vertebrate nervous system, neuronal production
al., 1999). The experimental perturbations of the signallingf NO in the locust is a tightly G&calmodulin regulated
cascades revealed that NO/cGMP signalling appears to gmtocess (reviewed by Bicker, 1998). Thus, increases in
antagonistically to cAMP/PKA signalling at the level of the MG cytosolic C&* levels may provide a developmental timing
neurons. To support these findings, it would be helpful to obtaisignal for the production of NO.
data on the in vivo production of cAMP and PKA activity in the The initial appearance of inducible sGC activity in the MG
MG neurons, similar to the cytochemical localization of theneurons just at the onset of migration suggests that NO/cGMP

NO/cGMP pathway signalling might be required for the initiation of migratory
) ) - behavior. In primary cultured aortic smooth muscle cells, NO
Cyclic nucleotide levels and neuronal motility induces changes in cell shape, reorganization of the actin

Dynamic regulation of cyclic nucleotide levels play a key rolecytoskeleton and reduction of adhesion (Brown et al., 1999).
in modulating neuronal motility. First evidence for a discreteCorrespondingly, in the grasshopper ENS, NO might be crucial
role the involvement of the cAMP cascade in insect growtlas a permissive factor for the initiation and maintenance of MG
cone motility came from primary cultured neurons of theneuron migration.
Drosophilamemory mutants dunce and rutabaga, which have Both pharmacological and genetic approaches have
oppositely altered intracellular cAMP levels (Kim and Wu, contributed towards an analysis of NO signalling during
1996). Cyclic nucleotides have also regulatory effects othe development of insect nervous systems (reviewed by
growth cone responses in vertebrates. Cell culture experimeriEsikolopov et al., 1999; Bicker, 2001a). Whereas the genetic
with dissociatedXenopusspinal neurons have shown that approach is likely to reveal additional downstream molecular
growth cone responses to netrin 1 could be converted betweeomponents of NO signal transduction, the application of
attraction and repulsion by altering the cAMP level in thepharmacological agents during precise time intervals of
growth cone (Ming et al., 1997). Elevated levels of cGMP caembryogenesis is helpful to detect subtle modulatory
also change the response of growth cones to a semaphorin frameractions in the functioning of the signalling network. The
repulsion to attraction (Song et al., 1998). Remarkably, afindings of this paper together with the study of pioneer neuron
asymmetric cellular localization of sGC to the dendrite ofoutgrowth (Seidel and Bicker, 2000) implicate NO/cGMP
pyramidal cells is thought to confer the opposite directionasignalling both in axon elongation as well as in neuronal
outgrowth to dendrites and axons in a semaphorin gradient afigration in the grasshopper. To our knowledge, this is the first
the cerebral cortex (Polleux et al., 2000). Thus, intracellulaexperimental evidence that the NO/cGMP/PKG signalling
cyclic nucleotide levels can be the crucial factors that goverpathway is a positive regulator for the migration of postmitotic
process extension to the same chemotropic guidance cueerve cells in vivo. Whereas in insects the migration of
Similarly, the cGMP or cAMP cascade may modulate thgostmitotic nerve cells is mainly confined to the enteric
transduction of extracellular guidance cues governing thaervous system, neuronal migration is an almost universal
migration of the MG neurons. One candidate link betweeffieature during the development of the more complex vertebrate
extracellular guidance signals and actin-associated proteinsngrvous system (Hatten, 1999; Nadarajah and Parnavelas,
the Rho family of small GTPases, which are modulated b2002). As several signal transduction pathways that regulate
cyclic nucleotide levels (Song and Poo, 2001)Diosophila ~ axon guidance mechanisms in simple invertebrate and
Rho and Rac GTPases have recently been implicated in actiertebrate animals are strikingly conserved in function
cytoskeletal dynamics during the migration of peripheral gligTessier-Lavigne and Goodman, 1996; Dickson, 2002) it is
migration (Sepp and Auld, 2003). conceivable that NO signalling may also play a role during
Our data indicate that the MG neurons may receive a N@euronal migration in the vertebrate brain.
signal from the visceral midgut cells and that elevated cGMP

!ev&_els.are ess_ential for the ability of m.igration. Could a tissue- \ye thank Jan De Vente for the gift of antisera. Dominique Brandt
intrinsic NO signal play a role as a guidance factor for the celind Michael Stern provided helpful comments on the manuscript.
migration? Diaphorase staining appears to be distributed in athis work was supported by grants of the Deutsche
areas of the midgut surface (Fig. 2E) and is not exclusiveliforschungsgemeinschaft (Bl 262/10-1 and 10-3).
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