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Localized Netrin-1 Treatment via
Second Messenger and DCC
Dynamics

Agata Blasiak 1, Devrim Kilinc *2*' and Gil U. Lee *2*

1 Bionanosciences Group, School of Chemistry, University Giege Dublin, Dublin, Ireland? UCD Conway Institute of
Biomedical and Biomolecular Research, University Collegeublin, Dublin, Ireland

Netrin-1 modulates axonal growth direction and speed. Its bst characterized receptor,
Deleted in Colorectal Cancer (DCC), is localized to growthomes, but also observed
in the cell bodies. We hypothesized that cell bodies sense Ngn-1 and contribute
to axon growth rate modulation, mediated by the second messager system. We
cultured mouse cortical neurons in micro uidic devices to solate distal axon and
cell body microenvironments. Compared to isolated axonalréatment, global Netrin-1
treatment decreased the axon elongation rate and affectedhie dynamics of total and
membranous DCC, calcium, and cyclic nucleotides. Signalsxduced by locally applied
Netrin-1 propagated in both anterograde and retrograde dections, demonstrated by
the long-range increase in DCC and by the increased frequerycof calcium transients
in cell bodies, evoked by axonal Netrin-1. Blocking the calom ef ux from endoplasmic
reticulum suppressed the membranous DCC response. Our ndigs support the notion
that neurons sense Netrin-1 along their entire lengths in nkéng axonal growth decisions.

Keywords: micro uidics, path nding, guidance cues, compart mentalization, calcium signaling

INTRODUCTION

The development of a functional nervous system requires tleeipe control of axonal growth
at the single cell level. Axons are guided by biochemical angiphl cues encountered by their
leading tip, the growth cone, which converts external cudse exon turning and outgrowth
decisions. Netrin-1, a member of the netrin family, is a kaijdgnce molecule in the development
of the nervous system as observed in knockout studies: raiddng genes encoding Netrin-
1 or its best characterized receptor, Deleted in Colorectaic€a (DCC), su er from acute
neurodevelopmental failureSéra ni et al., 1996; Fazeli et al., 1pDepending on the neuronal
type, age, and location in the nervous system, Netrin-1 ieduattraction, repulsion, accelerated
outgrowth, or slowdown in developing axonBradford et al., 2009 Sensing of Netrin-1 by the
growth cone activates the second messenger systein @d cyclic nucleotides—cyclic adenosine
monophosphate (cCAMP) and cyclic guanine monophosphate (cGMP)riiN&tconcentration
gradient asymmetrically increases intracellula?€#vel ([C&#C];) across the growth cone and
the axon changes its direction mediated by the initial lews well as the source and extent
of C&C inux ( Tojima et al., 201)L C&C in ux from the extracellular space alone results in
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repulsive turning, while simultaneous &ainux from the  mechanisms have been extensively studied, little is kndvenia
extracellular space and &a release from internal stores— these processes in the context of Netrin-1 signaling.
primarily from the endoplasmic reticulum (ER)ia ryanodine In this study, we used a bicompartmental micro uidic
receptors (RyRs)—results in attractive turningohg et al., neuron culture device to independently control subcellular
2000. Axon turning is further modulated by cyclic nucleotides: microenvironments and dissected the role of somatic statiah
decrease and increase of the cAMP:cGMP ratio result im the axonal growth response to Netrin-1. Our results shoaith
repulsion and attraction, respectivelilichiyama et al., 2003 local (isolated) and global Netrin-1 treatments di ererilyea ect
Second messengers relocate DCC from the cytosol to thexonal elongation and the total and membranous DCC levels
plasma membraneBouchard et al., 2004; Bartoe et al., 2006 in di erent subcellular regions. Furthermore, Netrin-1 indas
which is likely to be the cause of the observed elevation dbng-range e ects, i.e., local Netrin-1 signal is anteraigig and
membranous DCC upon Netrin-1 treatmentdylor etal., 2016  retrogradely propagated, regulated through second messgnge
In contrast to extensive studies on axon turning, fewer esort C&%, cAMP, and cGMP.
have focused on Netrin-1's e ects on axon elongation rate.
We recently showed that when applied locally to the axon\|ATERIALS AND METHODS
uniform concentrations of Netrin-1 increase membranous©C
level and slow down cortical axon8l@siak et al., 20)5The  Cell Culture and Transfections
roles of second messengers speci ¢ to these processes are poditg animal handling procedures were approved by the UCD
understood. Animal Research Ethics Committee. Cortices were obtairad fr
Immunostaining of Netrin-1 receptors revealed that theyembryonic day 14 CD-1 Outbred mousigl(¢s musculusCharles
are not restricted to growth conesBguchard et al., 2008 River, Margate, UK) and neurons were dissociated as previously
however, their function in other subcellular regions is mtear. described. The dissection was performed in 10 mM Dulbecco’s
One possibility is that the receptors in the axon shaft and celPhosphate Bu er Solution (DPBS; Lonza, Basel, Switzerland)
bodies mediate Netrin-1's e ects that are unrelated to axorwith 0.1% glucose (Sigma, Wicklow, Ireland). Tissue cttbéc
path nding. Netrin-1 plays various di erent roles in the nerus  from an entire litter (6—15 embryos) was mixed together, cut
system, such as, precursor cell migration, synaptogenesis aimto smaller pieces, dissociated with Trypsin-EDTA (GibconD
cell-cell interactions (reviewed ihai Wing Sun et al.,, 20)1 Laoghaire, Ireland) for 7 min at 3C, and resuspended in DPBS
In addition, its receptors, DCC and uncoordinated 5 (UNC5),with glucose. Trypsinization was blocked by adding 10% Fetal
act as dependence receptors, i.e., mediate or inhibit apoptosisBovine Serum (FBS; Gibco). The suspension was treated with
the absence or presence of a ligand, respectivéh{en and DNAse (Invitrogen, Dun Laoghaire, Ireland) for 5 min, wasghe
Furne, 2005; Furne et al., 2Q00&lternatively, the cell bodies 3 with DPBS and resuspended in DMEM-Glutamax (Gibco)
and axon shafts may be sensing Netrin-1 to cooperate witkupplemented with 1% Penicillin/Streptomycin (P/S; Gibco).
the growth cones in regulating the axon growth response. Thi$he cells were mechanically dissociated, collected tHroug
would be consistent with the hypothesis that—complimentarcentrifugation at 90.5 g for 6 min, and resuspended in culture
to immediate and biased turning of growth cones—neurons arenedium consisting of DMEM-Glutamax supplemented with 10%
able to compare ligand concentrations along their lengttes, i FBS and 1% P/S. For Forster Resonance Energy Transfer (FRET)
between the growth cone and the cell body, to modulate theiimaging, cells were transfected with cGi500 (cGMP reporter)
growth rates {lortimer et al., 201)) Despite these observations, (Russwurm et al., 20)7or epac2-camp (CAMP reporter)
signaling mechanisms downstream of Netrin-1 acting on cel{Nikolaev et al., 2002DNA plasmidsvia electroporation (Neon
bodies has not been investigated. Transfection System, Invitrogen). Briey, 4@ells and 15ng
The involvement of cell bodies in the control of axon growthplasmid was suspended in 10D transfection bu er and the
rates would require communication with the growth cones.cells were electroporated with an optimized protocol (threens0
The mechanisms of long-range signal propagation in neuronpulses of 1500V). The cell suspension was then transferred to
include—among others—the modulation of second messengemarm (37 C) Neurobasal medium and centrifuged to bring its
C&C and cyclic nucleotides)(bus et al., 2013 The mechanism volume to ca 35m, resulting in a density of 25-30 1CF
of action for the latter is not clear. Several observatiawefthe cells ml 1.
notion that C&© waves propagate the cAMP signal, e.g., calcium Polydimethylsiloxane (PDMS) micro uidic devices were
can activate cAMP signaling in neurons as shown in the presendabricated through two-step photolithography, as described
(Nicol et al., 201)and in the absence of Netrin-I5orbunova  previously Kilinc et al., 2011, 20)4Devices were UV-sterilized
and Spitzer, 2002 Accordingly, C&” waves propagate the for 30 min, incubated with 0.1 mg mF Poly+-Lysine (PLL;
retrograde signal downstream of Slit, another guidancesmge  Sigma) in DPBS overnight at 32 and rinsed with DPBS prior
(Guan et al., 2007 Although axon-soma signal propagation to cell seeding. Cells were plated in the somatic compartment
by emptying all wells and adding @ of cell suspension to the
top well of the somatic compartment anch2 of medium to the
- , ) top well of the axonal compartment. Final seeding density was
Abbreviations: [Ca®]e, extracellular C& concentration; [C&];, intracellular . 2
C&C concentration; CICR, Calcium-Induced Calcium Release; DCC,t&le approxmately 8 10 cells (,:m - Cells we_re let atta.ch for 5
in Colorectal Cancerfc,, frequency of C¥ transients; Ry, ryanodine; RyRs, MIN and all wells were lled with culture medium containingB
ryanodine receptors; FRET, Férster Resonance Energy Transfer. neuron supplement (Gibco). Devices were placed in Petri dishes
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containing 0.1% ethylenediaminetetraacetic acid (EDT&n8) with primary antibodies for 1 h in RT: 1:100 mouse anti-DCC
in water to minimize evaporation during incubation (32, 5% against the extracellular domain (Clone AF5; Calbiochemnd®)P
COy). At 3 daysn vitro (DIV), the culture medium was replaced Lot: D00129946) or 1:300 mouse ahtlil-tubulin (Promega,
with Neurobasal medium (Gibco) supplemented with 1% P/Silkenny, Ireland). After washing with PBS cells were incelat

and B7. with Alexa568 Phalloidin (1:200; Invitrogen) and Alexa4fttt
) anti-mouse (1:300; Invitrogen, A11029, Lot: 716811) for 1h
Measurement of Axon Elongation in RT. Finally, cells were counterstained with Hoechst 2334

Live cell imaging was performed on 5-6 DIV. Neurons(invitrogen) for 15min at RT, and the wells were topped with
were locally or globally subjected to Netrin-1 (R&D SystemsMowiol (Sigma). To quantify the change in receptor levels
Abingdon, UK). Media in both compartments were replacedupon Netrin-1 treatment, control and experimental cultures
with fresh or treatment-supplemented media, bu ered withwere prepared under identical conditions in separate circuits
25 mM HEPES (Sigma). Isolated treatment of a selectefonded on the same coverslip. Imaging was performed using
subcellular region was achieved by addingl fess medium to  an inverted, epi- uorescent microscope (Olympus, Southend-
the target compartment, i.e., axonal or somatic. 5-6 pos#tionon-Sea, UK) equipped with a CCD camera (Hamamatsu). All
were chosen per coverslip to image as many single, nomicrographs used for quanti cation were taken using the same
overlapping growth cones as possible. The Petri dish contginintime after staining, microscope, objective, and exposure time
the devices was placed on the motorized stage of an inverted allow for direct comparison of the measurements. Somatic
microscope (Zeiss, Cambridge, UK) equipped with an EMCCDxind axonal compartments were imaged in DAPI, FITC, and
camera (Hamamatsu, Hertfordshire, UK) and an environmentalfRITC channels. Regions of interest (ROIs) were selected based
chamber (Life Imaging Services, Basel, Switzerland), whion Phalloidin (axons) or Hoechst (cell bodies) stainingnily
maintained the temperature at 3C. The microscope was to the signal intensity in the green channel. Approximately) 10
controlled with Axiovision software (Zeiss, Cambridge, UK) ROIs were selected from at least 3 independent devices for each
Bright eld images were taken with a 400.6 NA objective every condition. Each ROI represents a single, individual cell. Cell
10min from 25 5minto 95 5min following the treatment. pody clusters were not included in the analysis. Growth cone
The early and late measurements include the data collented f ROIs represent the centers of growth cones. Filopodia were
25 5minto55 S5minand 65 5minto 95 5min periods de ned as linear structures emanating from growth conest tha
after the treatment, respectively. Axon elongation was a@ealy have high actin staining intensity. Their length was betwee
in terms of speed, i.e., displacement between consecutie tim1.90 and 6.06m. A single lopodium ROI was analyzed per
lapse images divided by time, and velocity, i.e., the positamor  growth cone, which su ciently represented DCC:Phalloidin
between the initial and nal positions of the growth cone dled  staining intensity ratio, as con rmed by Wilcoxon Rank Sum
by time. Only one experimental condition was tested in eacliest comparing data obtained from a single lopodium per
culture. The data for each condition were collected fromeaist  growth cone and from multiple lopodia per growth conen(
three independent cultures with cells obtained from at léast D 15 growth conesp > 0.70 for controlsp > 0.56 for axonal
litters. All single, non-overlapping growth cones in the ttéhe  Netrin-1 treated). The cell bodies' ROIs did not discrimiaat
frame were chosen for the analysis. MTrackJ plug-in of Imageetween neurons with or without an axon crossing to the
software (National Institutes of Health, Bethesda, MD) wssdl axonal compartment. Mean pixel intensity for each ROl was
to track the movement of growth conessléijering et al., 2012 measured in each channel using ImageJ software. Background
. . . signal intensity, de ned as the intensity of the cell-freeear
Immunocytochemistry and Quanti cation neighboring the ROI, was subtracted from the signal intgnsit
of DCC of the ROI in both channels. The signal intensity of total DCC
Cells on 5-7 DIV were incubated with Netrin-1 for 1, 5, 25, orwas normalized with Phalloidin signal intensity obtainedrr
90 min after replacing the media in all wells at the same timethe same ROl and with the signal intensity of the control
To block RyRs, axonal medium was supplemented withril®0  group from the same imaging session; the signal intensity of
ryanodine (Calbiochem, Carrigtwohill, Ireland; High Ry)@rio  the membranous receptor was normalized with the membranous
and during axonal Netrin-1 treatment. Following the incdizéd  receptor signal intensity of the control group from the same
cellswere xed with 0.5% Gluteraldehyde (Sigma) in PBS{8)g imaging session. All images within each gure are presented
for 15min at room temperature (RT) and subsequently rinsedvith identical intensity adjustments. In a subset of experitse
with PBS. Immunocytochemistry in the micro uidic devices Calcein AM (Cayman Chemical, Ann Arbor, MI) was used to
followed similar protocols as for the cultures on glass slideidentify cell bodies sending axons to the axonal compartment
(Glynn and McAllister, 2006 The solutions were introduced Axons in the axonal compartment were incubated with 1
to only one well of each compartment to guarantee pressureanM Calcein AM for 30 min. Green uorescence was imaged
driven ow through the compartments. Cells were treated forprior to xation to identify Calcein-labeled cells. Fixed cells
30 min with a blocking bu er composed of 1% Bovine Serumwere stained with Hoechst for 15 min. Images taken prior
Albumin (BSA; Sigma) in PBS. To determine the total levels o&nd after cell xation were manually matched in ImageJ. The
DCC, cells were treated with the blocking bu er containing®  datasets with membranous DCC signal intensities in the cell
Triton X-100 (Sigma). Blocking bu er without Triton X-100 v8a bodies after axonal Netrin-1 treatment were presented aa dat
used to immunostain membranous DCC. Cells were incubatetlistograms, whose bin-widths were determined using the weth
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by Shimazaki and Shinomoto (20Q7applied to the control to 50 mm away from the microchannels were chosen for the

dataset. analysis to ensure they had axons in the axonal compartment;
_ ) 75-90% of the cell bodies fulll this assumption as shown
FRET Imaging and Analysis by the Calcein AM stainsHigures 3A,B. Fluorescent time-

Dynamic changes in cGMP and cAMP were measured usin@pse images were acquired every 10s for 25 min. Images were
transfected neurons cultured in micro uidic devices for @y$. acquired with reduced excitation light intensity to minied
The media in all wells were replaced withr8limaging medium  phototoxicity. Calcium concentration was quantied as the
(Neurobasal without phenol red, with 1% P/S37Band 25mM  background-subtracted average pixel intensity (F) in a ROI
HEPES). 1@1 high viscosity dimethylpolysiloxane (Sigma) wasdivided by the background-subtracted baseline level (RQhé
added to each well to reduce evaporation during imaging. Aame ROI. Baseline was determined by tting a straight line to
single PDMS pad with up to three micro uidic devices wasthe intensity data. To minimize the e ect of a transients on
imaged using the same microscope and camera described fitre tting, signal intensities exceeding 115% of the t linere
axon elongation experiments using a 100.46 NA objective and excluded and the tting was repeated. Calcium transientsewer
a xenon arc lamp (Lambda LS/30, Sutter Instruments, Novatale ned as uorescence intensity ratios (F/FO) exceeding%f
CA). Two lter sets (Semrock, Rochester, NY) consisting @& th the baseline level, con rmed by frame-by-frame analysishef
same excitation Iter (438/24 nm) and dichroic mirror (458m), time-lapse images. We observed tlcat 6% of the cell bodies
but alternative emission Iters, 483/32 nm or 542/27 nm forimaged had a very high frequency of €atransients prior to
CFP and YFP uorescence, respectively, were used in tandethe treatment compared to the rest (20-70thvs. 1-3h1).
Snapshots in both channels were taken every 10s for 10-These were classi ed as outliers and were excluded from the
min, where the time period between cyan and yellow channelanalysis.

due to Iter wheel rotation is estimated to be 0.5s. riOof

5mg ml ! Netrin-1 in imaging medium was added to one of Statistical Analysis

the wells afterca. 10 time points after the start of imaging, At least three independent experiments were performed for
without touching the coverslip. The nal Netrin-1 concentran  each assay. Statistical tests were performed using Matlab
in the treatment compartment was aboutrgy ml 1. To test (MathWorks, Natick, MA). Minimum sample sizen) for
control conditions, 10m of fresh imaging medium without each test was determined using the power analysis function
Netrin-1 was introduced to one of the wells. Signal analysis W jn Matlab for a power value of 0.9. Lilliefors test was
performed using ImageJ. Treatment application caused a shoffseq to determine if the datasets were normally distributed.
term loss of focus—these initial time-points were excluded  Non-normal, independent data were compared by Kruskal-
the analysis. Occasionally, time points a ected by a focuisshi \y/g(is test and Wilcoxon rank sum test with Dunn-Sidak
inthe later stages of imaging (85 instances 8500 data points) nost-hoc correction. Non-normal, dependent samples were
were excluded from the analysis. Background signal intgm&is  compared by Wilcoxon sign-rank test. The distributions of
subtracted from the signal in each channel for measuremients membranous DCC signal intensities in the cell bodies obthine
growth cones. The 15 min-long time-lapse imaging showed thag g erent time points after axonal Netrin-1 treatment were
signal intensities in each channel exhibited a logarithdeicrease  compared with each other using the Kolmogorov-Smirnov
due to photo-bleaching and channel bleed-through; themefore  test. punn-Sidak correction was applied if the number
corrected the signal in each channel with a logarithmic fioxe ¢ comparisons exceeded two. Data are given as mean
whose coe cients were calculated based on the intensity f[go g o m.

(for that channel) prior to the treatment. The intensity prel

also depended on the initial signal intensity, which varieshf

neuron to neuron, as a function of transfection quality. DataRESULTS

were presented as the CFP:YFP background (BG)-subtract .

uorescence intensity ratiol R D (CFP  BGcpp)/(YFP %e Treatment of Cell BOd!eS Alters the

BGyrp) (Borner et al., 200)]1normalized by the same ratio before EIongatlon Response of Distal Axons to

Netrin-1 application (R). Standard error of the mean (s.e.mayw Netrin-1

calculated for each time point from data acquired from 5 to 9We cultured mouse cortical neurons in bicompartmental

measurements. micro uidic devices Figure 1A) that permit isolated, subcellular
_ treatments. These devices consist of axonal and somatic
Calcium Measurements compartments that are uidically isolated for at least 4 h, as

Neurons at 5-6 DIV were incubated withrdM of Fluo4 AM  demonstrated using a uorescent traceBlésiak et al., 20)5
calcium dye (Invitrogen) for 20—40 min. After dye loadinglls  Axons reached the axonal compartment after 3 days and
were washed with fl medium added to one well of each extended toward its distal wall after 5-6 daysiglire 1B).
compartment, followed by a 30—-40 min incubation at @7Prior ~ At this time, medium with 0.1 or 1.0mg ml ! Netrin-1

to imaging, media in each well were replaced withm2@maging was added in either the somatic or the axonal compartment
medium and topped with 161 dimethylpolysiloxane. The (somatic and axonal treatments, respectively), or simutbasky
experimental procedure was the same as in FRET measuremeritsboth compartments (global treatmentrigure 1C). Netrin-1

For the measurements in the cell bodies, only the neurons ugid not evoke growth cone collapse or axon retraction. Nealon
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FIGURE 1 | Axon elongation depends on the localization of Net  rin-1 treatment. (A) Neurons cultured in the bicompartmental device (inset) sehneurites from
the somatic ) to the axonal A) compartment through microchannels. Scale baD 80 mm. (B) Neuronal growth pro le at 3 and 5 daysin vitro (DIV). Scale barD

50 mm. (C) Modes of Netrin-1 treatment. The axon elongation was meased in the axonal compartment (hatch)(D) Average velocity and speed (mean s.e.m.) for
increasing Netrin-1 concentrations and different comparhents of delivery. The numbers on bars represent the numberfandividual axons fromN 2 independent
experiments (Table S1); statistical signi cance comparedat controls unless indicated otherwise; p < 0.05, ***p < 0.001. (E) Comparison of axon growth in the rst
(early) and last (late) 0.5 h of imaging. Data for axonal Nietrl treatment are re-presented with permission fronBlasiak et al. (2015) Copyright 2015 American
Chemical Society.

response was evaluated by characterizing distal axon ¢longa Netrin-1 Induces Local and Global
in the axonal compartment during 90 min of treatment in Changes in Membranous DCC Dynamics
terms of velocity—the vector between initial and nal posits  Netrin-1 modulates DCC cycling on and o the plasma
of the growth cone divided by time, and speed—averaggembrane Kim et al., 200} which has a direct e ect on axon
instantaneous velocity measured every 10 nfiigdre 1D). At glongation Bouchard et al., 2008 We tested how exposing
low concentration (0.1ng ml %), Netrin-1 failed to a ect axon gj erent subcellular regions to Netrin-1 a ects DCC dynamics
elongation. At high concentration (1.tng ml *; Movie S1), in distal axons. Neurons were subjected to axonal, somatic,
somatic Netrin-1 treatment did not a ect the axon elongatjon global 1.0ng ml ! Netrin-1 by replacing the media in all wells
whereas, the axonal treatment signicantly decreased axogf the somatic and axonal compartments at the same time,
velocity and slightly a ected axon speed (64 and 90% of thgych that the pressure-driven ow through each compartment
control, respectively), meaning that the growth cone costere\yas minimal and no ow was induced from one compartment
similar distance but progressed less. Global treatmentreve g the other Blasiak et al., 20)5After 25 or 90 min long
decreased both, velocity and speed (49 and 72% of the contrgdcypation, the cells were xed and immunostained withoetlc
respectively). These e ects were consistent over time asrshowsembprane permeabilizationP(per et al., 2005 Membranous
by comparing axon elongation in the early (255min to 55 pcc signal (DCGemy) Was present in all subcellular regions
5min) and late (65 5min to 95 5min) periods of the (Figure 2). Somatic treatment failed to a ect DGemp in distal
treatment Figure 16). This analysis (based on 30 min intervals) axons. Global treatment increased D@&ypin distal axon shafts
did not reveal any velocity changes after axonal treatment, 4t 25 min, which returned to control levels at 90 min, but did
clearly showed the more profound e ect of the global treatmentnot a ect DCCremp i growth cones or in lopodia. These
The dierential e ects of Netrin-1 after axonal, somatic, and e ects are in striking contrast with the axonal treatment, iaHn
global treatments indicate that cell bodies sense Netram@l  induces an initial (25 min) increase in DGfgmp in axon shafts,
contribute to the distal axonal response. growth cones, and lopodia, which, in lopodia, is sustained fo
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FIGURE 2 | Netrin-1 modulates local and long-range DCC insert  ion into plasma membrane. (A) Membranous DCC staining in the control group and 25 and
90 min after isolated (axonal and somatic) or global Netrif-treatment. Schematics show which compartment, somatic §) or axonal A), underwent Netrin-1
treatment (pink) and which compartment was imaged (hatch)The ROIs were chosen in Phalloidin channel as shown by the caloverlay in control. Scale bardD 10
mm. (B) Staining intensity (mean s.e.m.) was measured in the axonal compartment (solid ) ahin the somatic compartment (hatch Il), and normalized witrithe
control signal.n is the number of individual ROIs fronN 3 independent experiments (Table S2); statistical signi a&ce compared to controls unless indicated
otherwise; *p < 0.01, ***p < 0.001. Axonal compartment data for axonal Netrin-1 treatmet are re-presented with permission fromBlasiak et al. (2015) Copyright
2015 American Chemical Society.

as long as 90 minHlasiak et al., 20)50bserved changes in 0.26mm? at 25 min and 6.66 0.32mm? at 90 min, compared
DCCemp Were not accompanied by changes in growth coneo 6.65 0.31mm? in controls. The di erence between axonal
size: mean growth cone area after axonal Netrin-1 was 6.58 and global treatments in the membranous DCC response in
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FIGURE 3 | Axonal Netrin-1-induced change in membranous DCC in cell bodies is uniformly distributed within the somatic compart ment. (A) Cell

permeable Calcein AM labels entire neurons upon its uptake ithe axonal compartment (green). Majority of neurons do ndtave an axon in the axonal compartment,
as indicated by the nuclear stain (blue). Scale bad 200 mm. (B) The boxed area in(A) is magni ed to reveal neurons labeled and not labeled with Cakin near
microchannels. Scale barD 50 rm. (C) Membranous DCC staining intensity in cell bodies normaliziby the control value for increasing duration of 1.0ng ml 1
axonal Netrin-1 treatment. Error bars represent s.e.mxn > 200 for each time point fromN 3 distinct cultures (Table S3); statistical signi cance cormpared to controls
with Kolmogorov-Smirnov test with Dunn-Sidak correctiondr multiple comparisons; H < 0.05. (D) Membranous DCC signal intensity distribution for each timpoint.

distal axons suggests long-range e ects of exposing celebadi many neurons had neurites in the axonal compartment we
Netrin-1. labeled the axons in the axonal compartment with Calcein AM,
We next investigated if DCC on cell body membranesa cell-permeant uorescent dye. Within 30 min, Calcein stain
exhibited similar dynamics upon Netrin-1 treatment as intdls entire lengths of neurons and was detected in 9—-30% of cell
axonal regions. The majority of neurons did not have an axorbodies in the somatic compartmenFEigures 3A,B, indicating
in the axonal compartment; thus, they experienced somatithe fraction of neurons with axons in the axonal compartment.
treatment as a global treatment rather than local. Accogtlin  Interestingly, when DC@emp data (collected from cell bodies
somatic and global treatments had the same e ecton REgky  with and without an axon in the axonal compartment) were
in cell bodies: it was elevated at 25 min and decreased belgwesented as histograms a uniform response was observed, i.e.
control levels at 90 min. Interestingly, axonal treatmemhere histograms had the same shape for all time points during
Netrin-1 was absent from the somatic compartment, caused axonal Netrin-1 treatmentg > 0.05, Kolmogorov-Smirnov test
more pronounced increase in DGfemp in cell bodies at 25 min  with Dunn-Sidak correction) Figure 3D). The mean DCGemp
and returned to control levels at 90 mirFigure 2B). This increase followed by a decrease is evident from the shifting
observation suggests that Netrin-1 signal induced in disstans  of the histograms to right and back to left over time. We

propagated to their cell bodies. further sought if DCGuemp in cell bodies depended on their
distance from the microchannels, i.e., the probability ofihg

Long-Range Retrograde Netrin-1 Signal an axon in the axonal compartment. No such correlation was

Increases DCC memp Within Minutes detected when cell bodies were categorized into three megio

with 250mm increments from microchannels (ANOVA4s> 0.90

for 25 min time-point). Therefore, independent of their positio

in the somatic compartment, cell bodies exhibited increased
DCCmnempafter 25 min-long axonal Netrin-1 treatmerfigure 3

and Figure S1), consistent with the homogeneous distriloudib
DCCmemb Signal among all cell bodiekigure 3D).

Intrigued by the bidirectional regulation of DCC membrane
dynamics, we aimed to determine the speed and the exte
of the e ect of 1.0rng ml 1 axonal Netrin-1 treatment on cell
bodies Figure 3). No change in DCgemp Was observed in cell
bodies after 1 min-long treatment; however, at 5 min, Dfe&Gn
was signi cantly higher. Although this value was lower than
the peak signal at 25 min time poinFigure 3C), it shows that .
the e ect of axonal Netrin-1 had reached cell bodies withinNetrin-1 Induces Local and Global

5 min. DCGpemp in cell bodies was quanti ed using images Changes in Total DCC Levels

taken at randomly chosen areas in the somatic compartmen¥e next investigated if Netrin-1 also a ected total DCC levels
Thus, not all cell bodies analyzed had an axon in the axongdDCCi,) (Figure 4A). Neurons were xed after 90 min of
compartment, where the treatment was applied. To see hoWetrin-1 (or vehicle) treatment and stained against DCCegft
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FIGURE 4 | Netrin-1 treatment modulates local and long-range t otal DCC. (A) Total DCC staining upon 90 min-long somatic, axonal, or glodl treatment with
1.0mg ml 1 Netrin-1 or vehicle (control). The schematics show which aopartment, somatic ) or axonal A), underwent Netrin-1 treatment (pink) and which
compartment was imaged (hatch). Scale bar® 10 mm. (B) DCC staining intensity (mean s.e.m.) was measured in the ROIs in the axonal (solid II) and smatic
(hatch 1l) compartments, and normalized with the control gjnal. n is the number of individual ROIs fronN 3 independent experiments (Table S4); statistical
signi cance compared to controls unless indicated otherwig; *p < 0.05, **p < 0.01, ***p < 0.001. Axonal compartment data for axonal Netrin-1 treatmat are
re-presented with permission fromBlasiak et al. (2015) Copyright 2015 American Chemical Society.

membrane permeabilization. Total DCC staining was preserif011; Averaimo and Nicol, 20)l4and modulates the axonal

in all subcellular regions, but was less punctate comparegsponse to Netrin-1Hong et al., 2000 We investigated the

to membranous DCC staining. Somatic Netrin-1 treatmente ects of somatic, axonal, and global Netrin-1 treatments on
signi cantly increased DCfg (Nnormalized with the control cyclic nucleotides activity in growth cones and cell bodiéh w
value) in all distal axonal regiong-igure 4B). These increases genetically encoded FRET reporters: cGMP reporter cGi500
were higher than those reported for DGz upon local axonal (Russwurm et al., 200@r cAMP reporter epac2-campl(kolaev
Netrin-1 treatment in distal axonal region8lasiak et al., 20)5 et al., 2004 These reporters consist of two chromophores,
Global Netrin-1 treatment had the same e ect as the somatienergy donor and acceptor, where the energy transfer occurs
treatment, i.e., the DCfgq increase in distal axonal regions when the chromophores are in close proximity. Therefore, the
after somatic and global Netrin-1 treatments were stat#ly not measurement of the donor and acceptor emission intensiftes a

di erent. In the cell bodies, Netrin-1 induced a very di erent exciting the donor is representative of the distance betwben t
DCCiota response: somatic and global Netrin-1 treatmentdwo. In the inactive state of the reporters the chromophores ar
decreased DCga, While axonal Netrin-1 treatment increased close to each other (hence high signal from the acceptor), but
DCCiotai- There was no di erence in the DGg Signal across upon binding to cyclic nucleotides, their conformation chugn

the somatic compartment (ANOVAy > 0.44; Figure S2). and the distance between the chromophores increases, ingsult
. . . in a detectable drop in the acceptor's and increase in the dono

Netrin-1 Regulates Dynamics of Cyclic intensities. The increase (or decrease) of the donor:agcept

Nucleotides signal intensity ratio is therefore representative of theréase

Crosstalk between second messengers, cyclic nucleotidks dor decrease) in the cyclic nucleotide levels. Reporter spiggi
C&°, plays a crucial role in axon path ndingNicol et al., was con rmedvia bath-treating neurons with 1M forskolin,
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FIGURE 5 | Netrin-1 modulates cyclic nucleotides differentia lly for the local and global treatments. (A)  Pseudo-colored cAMP CFP:YFP uorescence
intensity ratio ( R), normalized by the baseline ratio (R), in distal axons iesponse to axonal treatment with Netrin-1 or vehicle (condf). Scale barsD 5nmm. (B) cAMP
and cGMP signals in growth cones and in cell bodies in resporesto treatments (arrows) with vehicle (gray) or with local giobal Netrin-1 treatments (black). Growth
cone cAMP signals are given separately for responsive (redhpd unresponsive (blue) axons. Data are given as mean with 96con dence interval (broken lines). py <
0.05. Measurements were done inN 2 distinct cultures (Table S5). For individual data tracesee Figure S4.

a known cAMP enhancerNairn et al., 1985 which elevated axonal compartment were selected for local and global Netrin-
(1 R/IRxamp to 1.2 in the Epacl-camp transfected neuronsl treatments, respectively. To facilitate the visualizatamn
(Figure S3C). Transfected neurons with bright uorescenceeuronal response within seconds after subcellular stinarat
with (Figures S3A,B) and without an axon crossing to thethe treatment was rapidly delivered to the target compartnimnt
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FIGURE 6 | Axonal but not global Netrin-1 induces local and lo  ng-range changes in calcium activity. (A,B)  Calcium activity in cell bodies before (white time
overlay) and after (green time overlay) adding vehigla) or 1.0 mg ml 1 Netrin-1 (B) into axonal compartment att D 0. Green arrows point at cell bodies that start
ring. Broken line indicates the beginning of microchannelsScale barD 20 nm. (C) Representative calcium activity traces in response to trément (pink bars) with
vehicle (control) or with 1.0mg ml 1 Netrin-1. Signals F) exceeding 20% of the baseline uorescencek0; dashed lines) were considered positive. The schematics
show which compartment, somatic §) or axonal ), underwent Netrin-1 treatment (pink) and which compartmet was imaged (hatch).(D) Frequency of calcium
transients (mean s.e.m.);n is the number of individual measurements fronN 2 distinct cultures (Table S6);p < 0.05, **p < 0.01.
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inducing a pressure-driven ow through this compartment. We Ryanodine Receptor Activity Is Required

observed that vehicle delivery to the somatic chamber adkcteFor Netrin-1-Mediated DCC Membrane
the cell body signal, i.e.lR/Rxgmp increased to 1.1 and Insertion

(1 R/R)}:avp decreased to 0.8 control value. This € ect Was a, ;a1 Netrin-1 treatment increased somatic DG&np and

atz;eri]t wk][ennvekslcrlle Walf ?eoll've;ed glloballg/ ;/;/lt:]o%t Itrr]id%(i:lrr]lfca' These observations are suggestive of retrograde signal
ow, 1.€., 10 neurons cuitured on a giass-botto € S propagation from the distal axons. Netrin-1 has been shown

without the micro uidic device (Figure S3D); we thus attute - . . .
. o . to activate ryanodine receptors (RyRs) and increase calcium
the changes in cAMP and cGMP levels to uid shear stress actin y P (RyRs)

. . . . . d ux from the ER, which in turn modulates DCGemn RYR-
on cell bodies. Vehlcle_ delivery to either compartment did no mediated calcium release can propagate along the ER, spreading
a ect the growth cone signal.

) . . the signal to distant subcellular regions. We hypothesized th
_We rst measured cyclic nu_cleot|d¢ levels in growth CONCYjetrin-1 evokes calcium e ux through RyRs in the growth
(F|gltJr':ahS, Elgbjée S4)- SolmRa;tFlf Netrlln-ll tre:tmenlt Ndlf[j' not cones, which propagates toward the cell bodies and mediates
??C X N (t did )CAMtP or E R/F);GMP egets: dxong € m']d_ the DCC insertion into their plasma membranes. To test this
1 weatment did not a ect { R/R)kGwp, but induced a rapi hypothesis, we exposed distal axons tonigfnl Netrin-1 for
increase in T R/Rkavp, which reached 1.87 control value 55 onq simultaneously inhibited their RyRs with 16l
gt 2 tm"; s;msl r;at;rned to contr_ol Igvels by 4m|rflgure ﬁ) h ryanodine (high Ry). As the treatments were applied only to the
o outo ested axons remained nNon-responsive, Which 1z, , | compartment, the cell bodies were not directly exposed to
n agrgement with thg presence of neyronal S.pror’u'at'onﬁletrin-l and had intact RyRs. We analyzed Dfdmp in distal
with di erent responsiveness to Netrin-1 B(_aS|ak . et al, axons and in cell bodies-{gure 7): Blocking axonal RyRs alone
2015. In contrast, global Netrin-1 treatment slightly increas did not a ect DCCyermpin growth cones or cell bodies. However,

(1 R/Rkemp (no statistical signicance), but did not aect . completely blocked the axonal Netrin-1-induced DG&Gnp
(1 R/Rkavp, suggesting that the co-stimulation of cell bodies; .o .qe i growth cones, and suppressed the axonal Netrin-1-

suppressed the e ect of local axonal stimulation and blocke duced DCG,emp increase in cell bodies (to 1/3 of its value

the rise in cAMP in growth cones. We next measured Cyc”%bserved in neurons with intact axonal RyRs). DGG in

nucleotu:e :ctlwty n cell It?odles.l N$g|n-ll d':j r::ot causeyfathaxon shafts and lopodia increased after RyRs inhibition alone.
apparent ¢ ange§ In cyclic nucleotice 1€vels for any ot ey, qo gpservations suggest that RyRs-mediated calciunseelea
treatment modes: although statistical analysis indicateal t from the ER plays a role in both, a local and long-range DCC

somatic Netrin-1 induced an early, brief rise il R/Rkaup _dynamics in response to Netrin-1, and highlight the subcalul
and that global Netrin-1 induced a late, slight decrease "iHeterogeneityin DCC membrane insertion

(1 R/Rxgmp level (both relative to controls), the magnitudes of
these changes were too small to draw conclusions. Cumalgtiv
our cyclic nucleotide measurements suggest that the kation ~ DISCUSSION
of Netrin-1 treatment may be a ecting the neuronal response

through the di erential regulation of cCAMP in growth cones. ~ Our experimental platform integrating micro uidics with
molecular and optical techniques facilitates studying oeur

. behavior in development and disease. Firstly, the study pesvid
Axonal Netrin-1 Induces Local and mechanistic details on Netrin-1-induced direct (local) and
Long-Range Increase in Calcium indirect (long-range) e ects on neural signaling and axon
Transients guidance. Cortical neurons express Netrin-1 and DCC along
Since C& is a known regulator of cyclic nucleotide activity, their entire lengths Bouchard et al., 20Q8thus, cell bodies
we tested if local and global Netrin-1 treatments a ected®€a are exposed to autocrine Netrin-1, con rming the necessdy t
dynamics. We performed time-lapse imaging of calcium dyetinderstand the e ect of Netrin-1 on cell bodies to decipher its
loaded growth cones and cell bodies to determine frequendle in distal axon growth. Secondly, while during developten
of local C&C transients {ca) before and after Netrin-1 (or neurons move through Netrin-1 gradients gradually, under
vehicle) application Figures 6A,B Movie S2). Somatic and Pathological conditions, e.g., brain ischemigsichiya et al.,
global Netrin-1 failed to chande:4in growth cones. In contrast, 2007 or spinal cord injury (Manitt et al., 200p Netrin-1 levels
axonal Netrin-1 increasedic, in growth cones from 10 hl  change much more rapidly. Similarly, as Netrin-1 is considere

to 22h 1 in the rst 5min and to 27h 1 in the next 15min therapeutic target{/u et al., 2008; Masuda et al., 2)a¥eurons
(Figures 6C,D). Similarly, when we quanti edc,in cell bodies, mMay be exposed to Netrin-1 onset outside the physiological range.
somatic and global Netrin-1 failed to chanfye, whereas axonal Understanding the neuronal response to global and local Netrin
Netrin-1 caused ca to increase from 1h' to 30h tinthe rst 1 treatment as applied in this study not only broadens our
5min, which dropped to 6 h! in the next 15 min. These results knowledge of nervous system development, but may also help
strongly suggest that Netrin-1 locally activates calciignaling ~ design novel therapeutic strategies.

in growth cones and that this signal is retrogradely propagate

to cell bodies. In turn, the co-stimulation of growth conesda Neuronal Cell Bodies Respond to Netrin-1

cell bodies (global treatment) suppressed Netrin-1-indutgg The evidence for Netrin-1 response of cell bodies comes from
increase in all regions. two sets of observations. First, somatic Netrin-1 incrdathe
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FIGURE 7 | Calcium ef ux from internal stores is necessary for N etrin-1-driven DCC membrane insertion. (A)  Membranous DCC (DCGyemp) Staining
intensity after 25 min of axonal treatments, as shown by thechematics: with vehicle (control; PBS for Netrin-1, waterdr Ryanodine), 100mM ryanodine (High Ry;
blue), 1.0mg ml 1 Netrin-1 (pink), or combined (purple). The hatch shows imaag site—axonal A) or somatic ). Scale barsD 10 mm. (B) DCC staining intensity
(mean s.e.m.) was measured in the ROIs in the axonal (solid Il) and seatic (hatch 1) compartments, and normalized with the conbl signal.n is the number of
individual measurements fromN 3 independent experiments (Table S7); statistical signi aa&ce compared to controls unless indicated otherwise; j < 0.05, **p <
0.01, **p < 0.001. Axonal compartment data for axonal Netrin-1 treatmat are re-presented with permission fronBlasiak et al. (2015) Copyright 2015 American
Chemical Society.

total DCC level in the distal axons in the axonal compartment(Powell et al., 2008; Blasiak et al., 201Somatic Netrin-
These axons could not sense Netrin-1 directly—the signdl hal treatment alone did not aect distal axon growth—signal
to propagate from the somatic compartment. The second sdéhat had propagated from the cell bodies contributed to
of evidence stems from comparing axonal and global Netrin-laxon elongation only when Netrin-1 was present in the axon
treatments: (i) global Netrin-1 induced a more pronouncedmicroenvironment. The di erence between the e ects on speed
decrease in distal axon speed compared to axonal Netrin-and velocity suggests that di erent mechanisms were evoked
(i) global Netrin-1 blocked the increase in DGfemp In by axonal and global treatments. Neurons that experience
growth cones, induced by axonal Netrin-1; (iii) global Netl ~ Netrin-1 locally at their growth cones may have normal
suppressed the axonal Netrin-1-induced cAMP response; (iWjytoskeletal dynamics (hence minor decrease in speed), but
lastly, global Netrin-1 blocked the &aincrease in growth cones an altered directional persistence (hence major decrease in

and in cell bodies, both induced by axonal Netrin-1. velocity). On the other hand, neurons that experience Netrin
1 globally may have altered cytoskeletal dynamics resuitin
Netrin-1 Slows Down Axon Elongation the reduction of axon speed and consequently of axon velocity.

Our axon velocity measurements are in agreement with previoulhe directional persistence has been proposed as a link between
reports on axonal growth in dissociated cortical neuron grés  rapid intracellular signaling events and motility events ttha
(Li et al., 200p and with axon growth ratesn vivo (Ramoén — occur in much longer time scales\eiger et al., 2000 Further

y Cajal, 1928 Netrin-1 is reported predominantly as an experiments are required to explore directional persistence in
attractant for cortical neurons3ouchard et al., 2008however, the neuronal context, where intracellular distances are much
several studies including ours demonstrated its repulsivets e greater compared to motile cells such as broblasts. Another
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potential explanation for the di erences observed betweemako Further analysis of DCfemp increase in cell bodies in
and global treatments is related to axon branching. Netrintesponse to axonal Netrin-1 revealed intriguing observetio
1 has been reported to induage novobranch formation in  First, it suggests that DGfempWas predominantly controlled by
cortical neurons, which leads to increased competition leetw the local axonal exposure to Netrin-1, similar to what hasrbee
branches and may aect axonal growtiént et al., 2004  reported for the neuronal response to Slitan et al., 2007
We did not observede novobranch formation during the 90 Second, signal transduction from the axonal compartment to
min Netrin-1 treatment; however, if existing branches of anthe somatic was very rapid: a signi cant DGgmp increase was
axon are in di erent micro uidic compartments they may be observed as early as 5 min after Netrin-1 treatment, consistent
competing. Considering the low probability of this arrangeme with the local DCC dynamics in axon®lasiak et al., 20)5
the observed dierences cannot be explained solely by sudbastly, DCG,emp increase was uniform within the somatic
competition. compartment despite the fact that only a minor fraction of
cell bodies had axons in the axonal compartment, hinting to
a potential intercellular propagation mechanism in the somatic

Netrin-1 Regulates Membranous and Total compartment. Additional studies are required to con rm and
DCC Levels explore these phenomena.
DCC was identied as a tumor suppressor gengedron DCC is known to modulate the extent of Netrin-1-induced

et al., 199) before the discovery that it encodes a Netrin-1axon turning and elongation responsé&ichard et al., 2008In
receptor Keino-Masu et al., 1996 DCC has been classi ed our hands, DCGempWas not correlated with axon velocity: both
as a dependence receptor, i.e., it induces apoptosis in tlexonal and global Netrin-1 decreased axon velocity, wisssaby
absence of its ligand\(ehlen et al., 1998 Accordingly, a dual axonal Netrin-1 induced DCemp increase in growth cones.
action mechanism has been proposed: (i) axonal guidatee Additionally, axon slowdown continued for at least 90 mirsr{
chemotropic activity of Netrin-1, and (ii) apoptotic inductio  after DCGyemp in growth cones returned to baseline. Cortical
in neurons/axons grown away from the region of Netrin- neurons have been shown to express UNC5, another Netrin-1
1 availability (Viehlen and Furne, 2005 These theories have receptor Blasiak et al., 20)5It is therefore likely that the axon
recently raised questions, as they are inconsistent witlh thgrowth is regulated by an interplay between di erent Netrin-1
observations made using Netrin-1 loss-of-function mi¢&n( receptors present on the membraneo(ima et al., 201)1 which
et al., 201) In our hands, neurons with isolated distal axonscalls for further studies.

did not show any signs of degeneration in response to Netrin-

1, which contradicts the Netrin-1 dual mechanism hypOthESiS|nterp|ay between Second Messengers in
However, considering that cortical neurons secrete Netrin the Growth Cone

along their entire lengthsBouchard et al., 20Q8distal axons The inux of extracellular C& is required for Netrin-1-

may be exposed to su ciently high levels of endogenous Netrin. . - o

. . .induced repulsive and attractive growth cone turniniglifg
1 that occupies their membranous DCC to prevent apoptotic . .
induction et al., 199y and axon elongation rate change®lqsiak

. et al., 201p Downstream cAMP elevation leads to further
Our results suggest that neurons sense Netrin-1 along the&agc inux (Nishiyama et al., 2003and promotes RyRs-
gntlre Iengtlhs and adjust thglr DGfemb a.lcc.ordlngly. TWO. mediated, calcium induced calcium release (CICGR)4shi et al.,
lines of ewdencg support. this argument. (i) global Nemn_2005. Consequently, high [G&]; stimulates cAMP production
llocga)gi(;eloefd dig:; ;r:(%rr(]as?ne d:;eg%gnabxg;a?rlg\évttr?n-?rzﬁ)sﬁd (Willoughby and Cooper, 200.7Accordingly, our results show
PO - iced by . ! . that the local Netrin-1 stimulation of growth cones caused a
Netrin-1 induced an elevation in the DGgemp in cell bodies

. L ) ._temporary increase in CAMP and a substantial increastcif
that was twice the elevation in response to directly applle(gv‘\jhere the latter was sustained even after cAMP returned to

(somatic or global) Netrin-1. DCfgemn Changes were partially .
independent of DCgyy. In distal growth cones, all modes of the baseline level.
Netrin-1 treatment increased DGg&y at 90 min, while only
axonal Netrin-1 elevated DGfemp at 25 min, which returned to
baseline at 90 min. In cell bodies, on the other hand, globdl a
somatic, but not axonal Netrin-1 decreased Dg& while all

modes of Netrm-; treatment elevated D.g"g'“b at25min, and axonal and global Netrin-1 treatments di erently modulatgectic
global and somatic, but not axonal Netrin-1 decreased RGC . . . . : )
nucleotides and calcium signaling. The interdependencénén t

below the baseline level at 90 min. These observations SUgggecond messenger system needs to be further tested
two interdependent means of DCC regulation by Netrin-1: (i) ’

the size of DCC cytosolic pool and (ii) the dynamics of DCC _, .

cycling on and o the plasma membrane. While the changes>ignals Downstream of Netrin-1 Propagate

in DCCyora Occurred over long time scales, DGy increases  iN Retrograde and Anterograde Directions

were transient in nature. Itis plausible to think that membeoais ~ Our results suggest that &a activity plays an important role
DCC underwent internalization due to neuronal adaptation toin the retrograde signal propagation downstream of Netrin-
Netrin-1 (Piper et al., 2005 1. This observation is not unprecedented: exposing growth

The co-stimulation of cell bodies (global
Netrin-1) suppressed the increases in both cAMP dng.
Interestingly, CICR and cAMP have been shown to be reduced
by increased cGMP activityl0jima et al., 2009 however we
did not detect a statistically signicant cGMP increase mafte
global Netrin-1 treatment. Taken together, our resultswtibat
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cones ofXenopusspinal neurons to Netrin-1 caused a [€d;  when we inhibited CICR in growth cones by locally blocking
rise in cell bodies, whose magnitude weaa half of the RyRs, axonal Netrin-1 induced a signi cantly lower increase
[Ca%C]i rise measured in growth cone$ig¢ng et al., 2000 in the DCGpemp in cell bodies. This is in agreement with
Interestingly, when the same research group performed gelta the observation that CICR mediates [€4 increase in cell
clamp recordings, they observed that Netrin-1-evoked ents  bodies after stimulation of growth cones with Slizan et al.,

in growth cones were spatially restricted and did not propat@ate 2007.

cell bodiesI{lishiyama et al., 2003Therefore, mechanisms other ~ The di erential e ects of global vs. axonal Netrin-1 treatment
than membrane potential shifts had to be involved in the Netri suggested a very rapid (seconds) signal propagation from
1-mediated retrograde Ga signal propagation. Our results cell bodies to growth cones that aected cyclic nucleotide
show that the C# signal propagation after axonal Netrin-1 activity. The mechanism of this anterograde communication
stimulation was accompanied by an increase in Qienin cell  is unclear; however, its timeframe is reminiscent of anaacti
bodies. This is consistent with previous reports showing that potential. This notion is in agreement with the studies
elevation of [C&°]; through the activation of RyRs brings DCC that describe how Netrin-1 induces depolarization (chemo-
to the membrane Blasiak et al., 20)50ur results also show attraction) or hyperpolarization (chemo-repulsion) &enopus
that the calcium activity in cell bodies is not a ected by sdima spinal neuron membranes, where the latter increases cGMP
or global Netrin-1 treatments. As CICR is a key component in(Nishiyama et al., 2008 Furthermore, action potentials have
the calcium wave propagation systeivie(khratsky, 200R, the  been shown to mediate long-range signaling downstream of
elevation of cAMP level in response to axonal Netrin-1 may havaerve growth factor (which also regulates axonal growth)—
activated CICR, which, in turn, may have activated the rgtanle  its local application evokes action potentials that inhibit maxo
signal propagation from growth cones to cell bodies. On theutgrowth in distant subcellular regionsSihgh and Miller,
other hand, the inhibition of CICR in growth cones (as sudgds 2005. Similar mechanisms may control long-range cyclic
by low fcg) by global Netrin-1 may have suppressed thisnucleotide activity flutchins, 201). Total DCC measurements
retrograde signal propagation. Accordingly, D&&npin growth  also suggested anterograde signal propagation: somatiinNetr
cones after global treatment—similar to somatic treatrent 1 increased DCfgiq in distal growth cones, but decreased it
was lower than DC@emp after axonal treatment. Supporting in cell bodies. It is unclear whether DCC was locally expieksse
the putative role of CICR in the retrograde signal propagationin axons (and locally degraded in cell bodies) during the

FIGURE 8 | Putative mechanisms for the neuronal response to loca lly and globally applied Netrin-1.  Axonal and global Netrin-1 treatments differentially
regulate membranous and total DCC levels, and the dynamicsf@econd messengers. Arrows indicate the character and stregth of the change as measured in our
experiments (solid lines) and based on the literature (brek lines). Axonal Netrin-1 increases cAMP level, the freqoey of Ca?€ transients and the total and
membranous DCC levels in growth cones. cAMP supports CZ° ef ux from the endoplasmic reticulum (ER); high level of @& leads to calcium-induced calcium
release (CICR). Global Netrin-1 increases total DCC levels,t not membranous DCC levels, cAMP or the frequency of calaom transients. CICR is inhibited. Axonal
Netrin-1 slightly affects the axon speed, and severely deeases axon velocity (block arrows). Global Netrin-1 signiantly decreases both, axon speed and velocity.
Differences in axonal and global Netrin-1 responses suggéshat neurons sense Netrin-1 along their entirety and altetheir response accordingly; however, the
mechanisms of anterograde propagation of Netrin-1-inducd signals are unknown.
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