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Abstract

The neurotransmitter serotonin has been implicated in a range of complex neurological disorders linked to alterations of
neuronal circuitry. Serotonin is synthesized in the developing brain before most neuronal circuits become fully functional,
suggesting that serotonin might play a distinct regulatory role in shaping circuits prior to its function as a classical neurotrans-
mitter. In this study, we asked if serotonin acts as a guidance cue by examining how serotonin alters growth cone motility of
rodent sensory neurons in vitro. Using a growth cone motility assay, we found that serotonin acted as both an attractive and
repulsive guidance cue through a narrow concentration range. Extracellular gradients of 50 uM serotonin elicited attraction,
mediated by the serotonin 5-HT?2a receptor while 100 uM serotonin elicited repulsion mediated by the 5-HT1b receptor.
Importantly, high resolution imaging of growth cones indicated that these receptors signalled through their canonical path-
ways of endoplasmic reticulum-mediated calcium release and cAMP depletion, respectively. This novel characterisation
of growth cone motility in response to serotonin gradients provides compelling evidence that secreted serotonin acts at the
molecular level as an axon guidance cue to shape neuronal circuit formation during development.
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ing and attention [1, 2] in the adult brain. Serotonin also
regulates early central nervous system (CNS) development
including neuronal migration, proliferation, differentiation
and synaptogenesis [3—5]. In neuronal circuit development,
extracellular application of serotonin promotes outgrowth of
embryonic mouse [6] and postnatal rat [7] thalamic axons,
while inhibiting the outgrowth of snail [8, 9] and chick [10]
axons in culture. While these studies have suggested that
serotonin alters growth of developing axons, they do not
provide any insight into how serotonin might act to directly
coordinate axon guidance events during the formation of
neuronal circuits.
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There are numerous lines of evidence to support the
notion that in addition to the classical neurotransmitter
and neuromodulator functions of serotonin, it may also
act as an axon guidance cue. Serotonin is released into the
CNS from sources such as synapses, axons and the sys-
temic circulation (reviewed in [11]). At the cellular level,
focal application of serotonin generates cytosolic calcium
signals [12] that regulate cytoskeletal rearrangements in
growth cones [13, 14]. At the circuit level, serotonin is
well known as a key player in fine-tuning development
of CNS circuits, such as the somatosensory system where
elevation of serotonin alters thalamocortical axon target-
ing and cortical barrel field formation (reviewed in [15]
[16]). Alterations of extracellular serotonin during brain
development have been implicated in the onset of many
neuropsychiatric and neurodevelopmental disorders (as
reviewed by [17]), such as schizophrenia [18] and autism
[19]. Therefore, a better understanding of how serotonin
regulates axon guidance during development will inform
our understanding of the aetiology of such neurological
disorders.

Seven serotonin receptor sub-types are present in the
embryonic brain and their activation has been shown to
influence brain development [20]. For example, activation
of the serotonin Atr2a gene, encoding the 5-HT2a recep-
tor, abolished ephrin-mediated midline axon crossing in
zebrafish. This suggests that serotonin signaling, through
the 5-HT2a receptor, is necessary for telencephalic axons
to correctly respond to environmental guidance signals
[21]. Embryonic thalamocortical axons are also tuned
during their growth and guidance by 5-HT1b/1d receptor
activation which can switch axon responses to netrin-1
from attraction to repulsion during cortical network
formation [22], suggesting that serotonin interacts with
other key guidance cues during early stages of neural cir-
cuit formation. While these studies are consistent with a
crucial role for serotonin in modulating other guidance
cues to shape the connectome, the question of whether
serotonin is capable of playing an instructive role in its
own right in regulating growth cone guidance, remains
unclear.

In this study, we hypothesized that serotonin acts as
a guidance molecule that alters growth cone motility
through the regulation of specific second messenger sig-
nalling mechanisms. Using a combination of an estab-
lished growth cone motility assay, pharmacology and
high-resolution imaging, we provide compelling evidence
that serotonin functions, in a dose-dependent manner, as
an instructional guidance cue to regulate attraction and
repulsion of neuronal growth cones in vitro and illustrates
a potential mechanism whereby serotonin regulates the
fine tuning of circuit formation in the developing brain.
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Materials and methods
Animals

Female Sprague—Dawley rats were maintained under stand-
ard conditions and embryonic (E17.5-18.5) tissue was used
for all experiments. Animal procedures were approved by
the Animal Ethics Committee of the University of Tasmania
and performed in accordance with the National Health and
Medical Research Council Code of Practice for the Care and
Use of Animals for Scientific Purposes.

Primary embryonic dorsal root ganglia cell culture

Sensory neuron cultures from dorsal root ganglia (DRG)
were prepared as previously described [23]. Briefly, thoracic
and lumbar DRGs were excised from E17.5-18.5 embryonic
rats and mechanically dissociated prior to culturing. Neurons
were plated on glass coverslips, previously coated with poly-
L-ornithine hydrochloride (1 mg/mL; Sigma-Aldrich) and
laminin (50 pg/mL; Invitrogen), in sensory neuron medium
(SNM) Dulbecco’s Modified Eagle’s Medium (DMEM/
Ham’s:F12 (Invitrogen), comprising foetal calf serum
(5%v/v; Invitrogen), penicillin—streptomycin (100 pg/ml;
Invitrogen), N2 neural medium supplement (1%v/v; Gibco),
nerve growth factor (50 ng/mL; Sigma-Aldrich). Cultures
were maintained in a humified incubator at the following
conditions: 37 °C and 5% CO, for 4-6 h prior to use.

In vitro growth cone turning assay

Growth cone turning assays were performed as previously
described [23, 24]. Micropipettes were loaded with the
following guidance cues: brain-derived neurotrophic fac-
tor human (BDNF; 10 pg/ml; Sigma-Aldrich) and sema-
phorin-3A (sema-3a; 20 pg/ml; R&D Systems), serotonin
(0.5-100 mM; Sigma-Aldrich) and vehicle (DMEM, 20%
HCl in DMEM, 10% DMSO in DMEM). Images were
acquired at 0.15 Hz for 30 min using custom software (Mat-
lab, MathWorks) and videos exported in avi format. Axon
extension and growth cone turning angles were quantitated
using Imagel.

Pharmacological agents

Pharmacological agents were bath-applied to cultures
20 min prior to growth cone turning assay as listed: chlor-
promazine (5 pM,Sigma-Aldrich), ritanserin (1 nM, Tocris),
GR-55562 dihydrochloride (500 nM, R&D Systems), Sp-
cAMPs (20 pM, BioLog Life Science), U-731222 (20 nM,
Sigma-Aldrich), forskolin (5 pM, Sigma-Aldrich), nifedipine
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(5 pM, Alomone Labs), thapsigargin (50 nM, Alomone
Labs), ondansentron (10 nM, Tocris), TCB-2 ((4-Bromo-
3,6-dimethoxybenzocyclobuten-1-yl)methylamine hydro-
bromide, 2 nM, Tocris), CP 94253 hydrochloride (5-Pro-
poxy-3-(1,2,3,6-tetrahydro-4-pyridinyl)- 1H-pyrrolo[3,2-b]
pyridine hydrochloride, 5 nM, Tocris).

Immunocytochemistry

DRG sensory neurons were fixed with paraformaldehyde
(PFA) (4%, Sigma-Aldrich) in phosphate buffered saline
(PBS) overnight at 4 °C, washed in PBS (3 X 10 min), for
some experiments, cells were permeabilised for 1 h with
blocking solution (PBS containing 0.4% Triton X-100; 5%
goat serum, Sigma-Aldrich & Gibco) and immunostained
with a rabbit antibody to serotonin receptors 5-HT1b
(1:500; Abcam) or 5-HT2a (1:500; Alomone Labs) in block-
ing solution overnight at 4 °C. Following washes in PBS
(3% 10 min), Alexa Fluor goat anti-rabbit 488/568/647 sec-
ondary antibodies (1:1000, Invitrogen) were incubated for
1 h and rinsed in PBS (3x10 min) prior to 4% PFA incuba-
tion overnight at 4 °C. Following washes in PBS (3x10 min)
and 1 h incubation of blocking solution, primary polyclonal
rabbit antibodies 5-HT1b or 5-HT2a were added to the
blocking solution for 5 h and rinsed in PBS (3 X 10 min).
Alexa Fluor goat anti-rabbit 488/568/647 secondary antibod-
ies (1:1000, Invitrogen) were added for 1 h then rinsed in
PBS (3 X 10 min) prior to mounting.

For direct immunocytochemistry experiments, a Zenon
Rabbit IgG Labelling Kit (Molecular Probes, Alexa Fluor
488) was used. Fixed DRGs were rinsed in PBS and incu-
bated for 30 min with non-permeabilising blocking solution
(PBS containing 10% goat serum). Primary antibodies for
receptors 5-HT1b and 5-HT2a were conjugated for 10 min
at 20-24 °C and applied to cell cultures for 1 h (1:200). Fol-
lowing washes in PBS, cells were fixed with PFA for 10 min
at RT and stained with Alexa Fluor 568 Phalloidin for 1 h at
RT prior to mounting.

Confocal Imaging

Confocal stacks were acquired in 0.2 pm increments cover-
ing total growth cone thickness of 1.5 pm, using a spinning
disk confocal microscope (UltraView, PerkinElmer, USA)
equipped with ax 100 oil objective and Volocity software
(Perkin—Elmer).

Serotonin receptor distribution and image analysis

To assess 5-HT1b and 5-HT2a receptor translocation dur-
ing turning, cells were rapidly fixed and processed for
immunocytochemistry (as described above). Growth cone
images were divided into “near” vs “far” with respect to

the micropipette, by drawing a line from the distal 10 pm
of the axon through the final growth cone orientation. Inte-
grated density of pixel intensity was measured within the
two regions of the central zone and normalised to the back-
ground fluorescence using ImageJ software, as previously
described [25, 26]. Serotonin receptor density in filopodia
was plotted as receptor puncta per micron of filopodia. Filo-
podia shorter than 1 pm were excluded from analysis. Colo-
calized 5-HT1b and 5-HT2a puncta were measured on back-
ground subtracted images of growth cones and expressed
as percentages compared to the total amount of colocalized
puncta. Phalloidin staining was used to define organelle-
rich central-domain and the actin-rich peripheral-domain.
Percentage of filopodia containing serotonin receptors was
quantitated using ImagelJ software and plotted as near/far
ratio and total. Quantitation of f-actin was measured as inte-
grated density of pixel and plotted as a near/far ratio.

Calcium imaging

To measure cytosolic calcium levels during turning, cells
were loaded with Fluo-4AM (5 pM, Molecular Probes) in
SNM for 10 min at RT. Cultures were rinsed with SNM
and incubated at 37 °C for a further 30—40 min prior to
imaging. Growth cones were exposed to serotonin micro-
gradients for 15 min and images were acquired every 5 s at
488 nm using an EMCCD digital camera (Evolve, Photomet-
rics) and inverted microscope (Eclipse TiE; Nikon Instru-
ments). Intracellular calcium changes were quantitated using
a region of interest (ROI), covering the entire growth cone.

Cyclic nucleotide imaging

To measure changes in cAMP levels, neurons were trans-
fected with Flamindo2 (Flamindo2 was a gift from Tetsuya
Kitaguchi (Addgene plasmid # 73938; http://n2t.net/addge
ne:73938; RRID:Addgene_73938) using a Rat Neuron
Nucleofection kit (Lonza). Growth cones were exposed to
serotonin microgradients for 15 min and images acquired
every 10 s at 514 nm using an EMCCD camera (Evolve,
Photometrics) and inverted microscope (Eclipse TiE; Nikon
Instruments). Intracellular cAMP changes were quantitated
using a region of interest (ROI), covering the entire growth
cone.

Experimental design and statistical analysis

All growth cone turning experiments were performed
using 90-100 independent imaging sessions, using dor-
sal root ganglia from 45 to 50 rats. Each imaging session
contained at least one negative (vehicle) and one positive
(BDNF, sema3a) control. No more than one growth cone
was imaged from each dish. Operators were blinded to

@ Springer


http://n2t.net/addgene:73938
http://n2t.net/addgene:73938

2250

S.Vicenzi et al.

pharmacological treatments throughout imaging and analy-
sis. Statistical analysis of turning angles and receptor distri-
butions were performed using Prism 6 (GraphPad Software,
USA). Normality of all experimental data was assessed
using D’Agostino-Pearson omnibus or the Shapiro—Wilk
test for normality. Normally distributed data were analysed
using unpaired ¢ tests with Welch’s correction and one-way
ANOVA followed by Tukey’s multiple comparison post hoc
test. Non-parametric data were analysed using Mann—Whit-
ney u-test or Kruskal-Wallis followed by Dunn’s multiple
comparison post hoc test. See figure legends for specific
details. All scatter plots denote mean and standard deviation.
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Fig. 1 Gradients of serotonin elicit distinct growth cone behav-
iors in a dose-dependent manner. a Isolated growth cone exposed
to pulsatile ejections of serotonin gradient. The pipette is located in
the upper right corner. b—¢ Phase contrast images of growth cones
trajectories at the start (O min) and at the end (30 min). T;=initial
trajectory; Ty=final trajectory. Dotted lines denote the change in
axon trajectory in respect to the micropipette that can be measured
as angle of turning. b is an example of vehicle and ¢ SHT-Lo turn-
ing. d Growth cones turned predictably towards BDNF (n=51,
p=<0.0001) and away from sema-3A (n=21, p=0.0009) com-
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Results

Extracellular serotonin regulates growth cone
motility in a dose-dependent manner

Serotonin is a neurotransmitter known to be released dur-
ing early circuit development [27, 28] and we hypoth-
esized that serotonin functions as a guidance cue dur-
ing axon pathfinding. Using a well described method
(Fig. la—c) to measure growth cone motility [23-26],
we exposed embryonic growth cones from dorsal root
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pared to vehicle (n=77). Serotonin concentrations (0.5, 5, 25 and
75 puM) were not significantly different (n=15, p=>0.999), (n=16,
p=>0.1614), (n=14, p=0.573), (n=14, p=>0.999) to vehicle turn-
ing angles. Only growth cones exposed to 50 pM (n=51, p=<0.001)
and 100 pM serotonin (n =234, p=0.0002) showed significant motile
responses. Positive angles denote attractive turning and negative
angles denote repulsive turning, when compared to random growth
(vehicle) (Kruskal-Wallis with Dunn’s multiple comparison post hoc
test). (e) Axon extension was not significantly different in any experi-
mental treatment (ns, p>0.05). Scale bars are 5 pm
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ganglion sensory neurons to micro-gradients of serotonin
and compared turning responses to the “gold-standard”
guidance cues, BDNF and sema-3a (Fig. 1d). To deter-
mine a dose response curve for serotonin responses, we
used a range of serotonin concentrations. Interestingly,
growth cone responses to doses in the range of 0.5 pM
to 25 uM or 75 uM were not statistically different from
vehicle (Fig. 1d). However, 50 uM and 100 uM (described
herein as SHT-Lo and 5HT-Hi) elicited growth cone
attraction and repulsion, respectively (Fig. 1d). Impor-
tantly, the growth cone response to SHT-Lo was not
significantly different (p =0.9668) to the turning angle
elicited by the established chemoattractant, BDNF, and
growth cone responses to SHT-Hi, were not significantly
different (p =0.2244) to the turning angle elicited by the
gold standard repulsive cue, sema3a. To exclude the pos-
sibility that these guidance effects were caused by non-
specific changes in axon outgrowth, we measured axon
extension and showed that none of the serotonin doses
tested altered axon extension (Fig. le), confirming that
observed responses to serotonin were specific to growth
cone motility.

Sensory neuron growth cones express 5-HT1b
and 5-HT2a receptors

The biphasic nature of growth cone responses to high and
low concentrations of serotonin suggests that multiple sero-
tonin receptors might act to mediate attraction and repul-
sion. Serotonin receptors have been well characterised in
rodent dorsal root ganglia sensory neurons with 5-HT1b and
5-HT2a being the most abundant receptor subtypes [29].
We used immunocytochemistry to confirm the expression
of 5-HT1b (Fig. 2a—c) and 5-HT?2a receptors (Fig. 2d-f) in
growth cones in vitro. Dual label experiments using antibod-
ies directed against 5S-HT1b and 5-HT2a receptor subtypes
revealed colocalization of SHT receptors across the entire
surface of growth cones (Fig. 2 g—i, arrow) and filopodia
(Fig. 2j, arrowheads). Significantly, 80% of colocalized
puncta were seen in peripheral areas including filopodia
(Fig. S1). Filopodia are the key signalling structures of
growth cones, necessary for initiating signal transduction
pathways that regulate growth cone responses to guidance
cues [26, 30]. Hence, the localisation of serotonin receptors
on distal filopodial tips supports our hypothesis that 5-HT1b
and 5-HT2a receptors could regulate growth cone turn-
ing to serotonin gradients. To explore this hypothesis, we
tested whether chlorpromazine (a non-selective 5S-HT1 and
5-HT2 antagonist) could perturb growth cone motility seen
in response to serotonin. Bath application of chlorpromazine
(5 uM) abolished both attractive and repulsive turning in
response to SHT-Lo and SHT-Hi (Fig. 2k), respectively, con-
firming that growth cone responses to extracellular serotonin

are regulated by serotonin receptors, possibly 5-HT1 and
SHT?2. Consistent with the serotonin turning data (Fig. le),
treatment with chlorpromazine had no effect on axon exten-
sion when growth cones were exposed to gradients of sero-
tonin (Fig. 21).

Growth cone attraction to serotonin is regulated
by the 5-HT2a receptor

Activation of the 5-HT2a receptor signals through phos-
pholipase-C (PLC)-mediated calcium release from the
endoplasmic reticulum (ER) and inositol triphosphate (IP5)
signalling [20]. Given that ER-mediated calcium release
sustains attractive turning of growth cones by BDNF [25,
26], we hypothesized that 5-HT?2a signaling mediates growth
cone attraction in response to SHT-Lo. We exposed growth
cones to asymmetric gradients of TCB-2 (2 nM), a potent
and highly selective 5-HT2a agonist, which induced robust
attraction (Fig. 3a), suggesting that activation of 5-HT2a
receptor mediates attraction. To confirm that 5-HT?2a recep-
tor regulates growth cone attraction towards SHT-Lo, we
bath applied a specific 5-HT2a receptor antagonist, ritan-
serin (1 nM) or the PLC inhibitor U-73122 (20 nM) to sen-
sory neurons and exposed them to a gradient of SHT-Lo.
Both drugs abolished attraction towards SHT-Lo (Fig. 3a;
Fig S2). To exclude the possibility that other serotonin
receptors could regulate growth cone attraction towards
SHT-Lo, we bath applied antagonists to the 5-HT1b and
5-HT3 receptors (5-HT3 is also commonly expressed on
neurons from dorsal root ganglia [29]). Neither the 5-HT1b
receptor antagonist GR-55562 (500 nM) or the 5-HT3 recep-
tor antagonist ondansetron (10 nM) altered attractive turning
towards SHT-Lo (Fig. 3b). Given the importance of calcium
signals in initiating growth cone motility [31, 32], and that
release of calcium from ER via IP; receptor activation is a
hallmark feature of 5-HT2a signalling, we asked whether
calcium signals from the ER can sustain attractive turning
towards serotonin. We bath applied the sarco-endoplasmic
reticulum ATPase (SERCA) inhibitor, thapsigargin (50 nM),
to deplete ER calcium prior to serotonin exposure. We
observed that thapsigargin abolished attractive turning to
SHT-Lo (Fig. 3b). Conversely, extracellular calcium influx
through voltage-gated calcium channels (VGCCs) was not
required for turning towards SHT-Lo. Bath application of the
L-type VGCC inhibitor nifedipine (5 uM) failed to perturb
serotonin-mediated attraction (Fig. 3b). The application of
these pharmacological agents did not alter axon extension
during the imaging period, confirming these treatments
affected only growth cone turning responses (Fig. 3c, d).
These data demonstrate that 5-HT2a regulates growth cone
attraction towards serotonin in an ER calcium-dependent
manner.
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Fig.2 5-HTI1b and 5-HT2a receptors are expressed in growth cones
and filopodia. a—j Sensory neuron growth cones immunostained for
serotonin receptors, 5-HT1b (green in a, red in g), 5-HT2a (green,
d and h) as well as filamentous actin to highlight the extent of the
growth cone (Phalloidin, red; b and e). The receptors 5-HT1b and
SHT2a were observed as a widespread punctate distribution through-
out the growth cone (g-h). Punctate expression was evident in filo-
podia (j) with isolated 5-HT1b (green, *), 5-HT2a (red, #) as well
as colocalised (arrowheads) puncta on filopodial shafts. There was

Growth cone repulsion from serotonin is regulated
by the 5-HT1b receptor

Early in vitro studies have demonstrated significant
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prominent colocalization of 5-HT2a and 5-HT1b receptors in periph-
eral areas (i, arrow). Scale bars are 5 pm (a-i) and 1 pm (j). k Turn-
ing responses to serotonin were sensitive to chlorpromazine. Attrac-
tive turning of growth cones to SHT-Lo (n=7, p=<0.0001) and
repulsion to SHT-Hi (n=8, p=0.003) were significantly different
when cultures were treated with chlorpromazine. 1 Axon extension
was not significantly different in any experimental treatments (ns,
p>0.05). Mann—Whitney u-test)

dose-dependent and cell-specific responses of neurons to
serotonin [6-9]. The observation that exposure of growth
cones to SHT-Hi resulted in repulsion rather than attrac-
tion, as seen with SHT-Lo, suggests the activation of a



Serotonin functions as a bidirectional guidance molecule regulating growth cone motility 2253

Fig.3 5HT-Lo elicits growth a ek - b ol

cone attraction through the wwxk | o '

5-HT2a receptor. a Growth cone 30+ A 301 o = *

attraction was measured in the _— _

presence of SHT-Lo gradients o 20- o 201

(p=<0.0001) and TCB-2 A z

gradients (p=0.0002). Growth 2 104 _ 2 101 S8

cone attraction to SHT-Lo was % T g T

abolished by pharmacologi- o 04 % < T ' (TN S o 0- % L

cal application of the selective g -1 g

5-HT?2a receptor antagonist, 5 .10 -+ 5 104

ritanserin (n=17, p=0.0001) L 4 =

and the PLC inhibitor, U-73122 20 20

(n=9, p=0.0018). b Growth ) v v v ' v ) v ' T T T T

cone attraction to SHT-Lo was Vehicle + - - - - Vehicle + - - - - -

not perturbed when growth 5HT-Lo - + - + + 5HT-Lo - + + + + +

cones treated with a specific R . _ . - -

5-HT1b antagonist, GR55562 TeB-2 - - * GR55562 - -+ e

(n=8, p=<0.0001), or the Ritans - - - + - Ondan - - - +

5-HT3 antagonist ondansetron u-73122 - - - - + Nifed - - - - + -

(n=38, p=0.0082). Depletion of Thapsi - - - - - +

ER calcium with thapsigargin

(n=19, p=0.0003) abolished c ns ns

attractive turning to SHT-Lo, 501 501

while inhibition of VGCCs with

nifedipine (n=15, p=0.0330) — 401 . 401

had no significant effect. Turn- g §_

ing angles were compared to = 30- ‘E 304

vehicle and SHT-Lo and only o k=)

i@igniﬁcant differences shownl 4 204 % % 2 20+ % %

in (a) and (b). Kruskal-Wallis, 9 9

Dunn’s multiple comparison |L< Lﬁ

test. ¢, d Axon extension was 101 101

not significantly different in

any experimental treatments 0 T T T T T 0 T T T T T T

(ns, p>0.05). Kruskal-Wallis, Vehicle + - - - - Vehicle + - - - - -

Dunn’s multiple comparison test 5HT-Lo - + - + + 5HT-Lo - + + + + +
TCB-2 - - + - - GR-55562 - - + - - -
Ritans - - - + - Ondan - - - + - -
U-73122 - - - - + Thapsi - - - - + -

Nifed - - - - - +

different serotonergic receptor. The 5-HT1b receptor is
known to be coupled to an inhibitory G-protein [20], and
we hypothesized that it could mediate growth cone repul-
sion. Asymmetric gradients of CP-94253 hydrochloride
(5 nM), a potent and highly selective 5-HT1b agonist,
induced robust growth cone repulsion (Fig. 4a). Bath
application of the selective 5-HT1b receptor antagonist
GR-55562 (500 nM) abolished repulsive turning to SHT-
Hi (Fig. 4a). Since 5-HT1b receptors are known to act
through inhibition of adenylate cyclase [20], we sought
to determine whether activating cAMP would perturb
growth cone repulsion to SHT-Hi. Application of the ade-
nylate cyclase activator, forskolin (5 uM) or the activator
of cAMP signalling, Sp-cAMPs (20 uM) both abolished
repulsive turning (Fig. 4a). To exclude the involvement
of 5-HT?2a or 5-HT3 in growth cone repulsion from SHT-
Hi, we applied ritanserin (1 nM) or ondansetron (10 nM),

respectively. Neither drug altered growth cone repulsion
from SHT-Hi, suggesting that 5-HT1b, and not 5-HT2a
or 5-HT3, mediated growth cone repulsion from SHT-Hi
(Fig. 4b). To determine whether intracellular or extra-
cellular calcium sources contributed to SHT-Hi-induced
growth cone repulsion, we applied thapsigargin (50 nM)
and nifedipine (5 uM) to growth cones exposed to SHT-
Hi gradients. Both drugs failed to impair growth cone
responses from SHT-Hi (Fig. 4b), suggesting a mechanism
of growth cone repulsion, that does not rely on relatively
large calcium signals, potentially similar to the mecha-
nisms that govern sema3a-mediated repulsion [33]. Bath
application of these pharmacological agents did not affect
the normal axonal growth (Fig. 4c, d). Together, these data
demonstrate that 5-HT1b signalling mediates growth cone
repulsion in response to SHT-Hi in sensory growth cones.
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Gr-55562 - - - - - Ondan - - - + - -
Forskol - - - + - Thapsi - - - - + -
Sp-cAMP - - - - + Nifed . - - - - +

Growth cone attraction to 5HT-Lo is regulated
by mobilisation of ER calcium

Coordinated cytosolic calcium signalling is crucial for
growth cone motility [34] and our findings suggest that ser-
otonin-mediated attraction, but not repulsion, requires the
activation of cytosolic calcium signals. To demonstrate the
calcium dependency of growth cone turning to serotonin,
we performed live cell calcium imaging in growth cones
exposed to gradients of serotonin (Fig. 5a). We observed
a rise in intracellular calcium in growth cones exposed to
SHT-Lo, while microgradients of SHT-Hi and vehicle did
not cause any detectable changes in cytosolic calcium lev-
els within growth cones (Fig. 5a—c). As predicted from
the growth cone turning data (Fig. 3), bath application of
the 5-HT2a inhibitor ritanserin (1 nM) or depletion of ER
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calcium with thapsigargin (50 nM), abolished calcium eleva-
tions induced by 5-HT-Lo microgradients (Fig. 5d). These
results confirm our pharmacological experiments, dem-
onstrating that activation of 5-HT2a signalling and subse-
quent calcium mobilisation from the ER regulates attrac-
tive turning towards SHT-Lo, while growth cone repulsion
from 5HT-Hi is consistent with a calcium-independent
mechanism.

Growth cone repulsion from 5HT-Hi is transduced
through inhibition of cAMP signaling

The ratio of cyclic nucleotides, cAMP and cGMP, has been
previously shown to regulate growth cone motility [35], with
low ratios regulating repulsive turning [36] and high ratios
regulating attraction [37]. Spatially restricted changes in
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Fig.5 Growth cone attraction to
SHT-Lo is regulated by specific
calcium signals. a Repre-
sentative time-lapse images

of a growth cone exposed to
SHT-Lo while recording cyto-
solic calcium. b The average
(n=9+sem) change in calcium
levels in growth cones exposed

a High Ca

Low Ca

I

to vehicle, SHT-Lo and SHT-Hi bos-

gradients. ¢ Representative
growth cone responses in cyto-
solic calcium to vehicle, SHT-

-e-i5HT-Lo
v-:Vehicle

044 8- 5HT-Hi

Lo and SHT-Hi exposure. d
Quantitation of average change
in growth cones after 15 min of
exposure to serotonin gradients.
While growth cones exposed

to SHT-Lo showed significant

15 min
5HT-Lo |

10 min

— {5HT-Lo
i Vehicle
{ SHT-Hi

(n=9, p=0.0027) increase in
calcium influx, vehicle (n=9) 0 5
and SHT-Hi (n=9, p=0.0018)

exposure did not elicit any

calcium influx. Significant

reduction in cytosolic calcium

occurred with ritanserin (n=9,

p=0.0344) and thapsigargin

(n=9, p=0.0033) in response

to SHT-Lo exposure. All condi-

tions were compared to vehicle

and SHT-Lo. (Kruskal-Wallis,

Tukey’s multiple comparison

test)

AFIF

cAMP or cGMP alter the nucleotide ratio in a reciprocal
manner in neurons to promote axon protrusion and dendrite
differentiation [38]. Furthermore, crosstalk between cyclic
nucleotides and calcium signals refines receptor signaling
[39]. Signaling through the 5-HT1b receptor is known to
inhibit adenylate cyclase and hence decrease cAMP activa-
tion. We therefore asked if we could detect 5-HT1b-medi-
ated decreases in cAMP levels in growth cones exposed to
SHT-Hi during growth cone repulsion. We performed time-
lapse imaging of cAMP levels in growth cones transfected
with flamindo-2 [40], a biosensor for cAMP and exposed
to serotonin gradients (Fig. 6a, ¢). We first confirmed the
specificity and ability of flamindo-2 to detect changes in
cAMP levels in growth cones. We bath applied forskolin
(20uM) and measured a significant increase in cAMP levels,
observed as a decrease in the fluorescence emission of the
sensor (Fig. 6b). There was no significant change in cAMP
levels in growth cones exposed to vehicle (Fig. 6¢, d) and
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in support of our pharmacological data (Figs. 3,4), SHT-Hi
exposure caused a significant decrease in cAMP (Fig. 6c,
d), further confirming the role of the 5-HT1b receptor in
serotonin-mediated growth cone repulsion. Conversely,
microgradients of SHT-Lo resulted in activation of cAMP
signalling (Fig. 6¢c, d), suggesting that cAMP is activated
downstream of store-released calcium in response to 5-HT2a
receptor activation, highlighting the crosstalk mechanism
between calcium and cAMP signals.

Serotonin receptors are translocated within growth
cones during asymmetric serotonin exposure

Growth cone turning is underpinned by the asymmetric
reorganisation of signaling proteins and receptors required
for motility [41, 42]. It is well established that molecules
required for transduction of external guidance cues are
actively translocated by the cytoskeleton to the active or
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Fig. 6 SHT-Hi repulsion is

regulated by cAMP signalling. a
Flamindo-2 accurately reports
cAMP signaling in growth
cones. a Representative images
showing localization of cAMP.
b Bath application of forskolin
(n="17,+sem) to growth cones
elicited a decrease in fluores-
cence indicating the activation
of cAMP signaling. ¢ Average
change in cAMP in growth
cones exposed to gradients

of vehicle (open triangles,
n=38,+sem), SHT-Lo (open cir-
cles, n=28,+sem) and SHT-Hi
(open squares, n=13,+sem). d
Quantitation of average changes
in cAMP levels within growth
cones after 15 min of serotonin
exposure. SHT-Hi significantly 0.2

C 0.4-
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turning side of growth cones, including filopodia [26]. Our
observation of a biphasic growth cone turning response to
serotonin led us to hypothesise that spatial reorganisation
of serotonin receptors might explain the opposing motile
responses of growth cones to low and high serotonin gradi-
ents. We assessed the spatial distribution of receptor puncta
in growth cones and filopodia as previously described [26]
(Fig. 7a). Briefly, growth cones were rapidly fixed dur-
ing turning and processed for serotonin receptor 5-HT2a
(Fig. 7b) and 5-HT1b (Fig. 7c) localisation using immu-
nocytochemistry. Serotonin receptor expression was meas-
ured in growth cones (Fig. 7d, i—j) and filopodia (Fig. 7e,
g-h) in response to gradients of vehicle, BDNF (used here
as a control), SHT-Lo, and SHT-Hi. Given the importance
of filipodia in the initiation of growth cone motility [26],
we sought to determine whether receptor distribution along
filopodia was biased with respect to gradient orientation.
Individual filopodial lengths were measured and categorised
as “near” or “far” with respect to the pipette. There was
no significant bias in overall number of filopodia detected
across growth cones in all experimental conditions (Fig. 7f).
Serotonin receptor puncta were counted on filopodia longer
than 1 pm. Immunocytochemistry revealed prominent sero-
tonin receptor localisation on many filopodia, and only filo-
podia oriented towards a source of SHT-Lo showed a small,
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but significant increase in 5-HT?2a receptor density (Fig. 7g,
h) when compared to filopodia oriented towards a SHT-Hi,
vehicle or BDNF gradient. There was no detectable bias or
asymmetry in receptor localisation on filopodia exposed to
5SHT-Hi, vehicle or BDNF (Fig. 7g, h). These data suggest
that growth cone responses to SHT-Lo require the translo-
cation of 5-HT?2a receptors to the motile or turning side of
growth cones, including the sensory structures, the filopodia.

When growth cones were exposed to gradients of vehicle
or BDNF there was no spatial reorganisation of 5-HT2a or
5-HT1b receptor puncta across the growth cone (Fig. 7i, j).
However, there was a significant bias of receptor expression
in response to 5-HTLo, with both receptors, 5-HT2a and
5-HT1b puncta expressed at higher levels on the “near” or
turning side of growth cones (Fig. 7i, j). Interestingly, in
response to SHT-Hi, no expression bias was detected for
either receptor on the near or far side of growth cones turn-
ing away from SHT-Hi (Fig. 71, j). These data suggest that
there is an active translocation of both 5-HT2a and 5-HT1b
receptors in response to SHT-Lo exposure. However, these
experiments were conducted using permeabilising reagents
(Triton-X) in the staining protocol, and so reflect receptors
within the cytosol, as well as any receptors at the remaining
membrane. To focus on membrane localisation of seroto-
nin receptors, we performed a second set of experiments
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Fig.7 SHT-Lo exposure causes asymmetric distribution of 5-HT
receptors to the turning or motile side of growth cones. Schematic
a showing growth cone divided into “near” and “far” regions with
respect to micropipet position (located on the upper left side). b—d
Growth cones immunostained after turning in response to SHT-Lo
and stained for 5-HT?2a (green, b), 5-HT1b (red, ¢) and merged in (d).
Dotted line separates the near and far regions of growth cone (near
vs far). (e) Representative image of filopodia with 5-HT2a (green),
5-HT1b (red) receptor puncta. (f) There was no significant near/
far bias in the number of filopodia following exposure to SHT-Lo
(n=8, p=0.9004), SHT-Hi (n=13, p=0.5450) or BDNF (n=10,
p=0.7907) compared to vehicle. (Data not normally distributed:

5HT1b

Kruskal-Wallis, Dunn’s multiple comparison test). g There were sig-
nificantly more (n=36, p=0.0033) 5-HT2a puncta in filopodia on
the near side of growth cones exposed to SHT-Lo compared to all
other treatments. h There was no bias in 5-HT1b puncta in filopodia
of growth cones. (Mann—Whitney U-test). (i-j) When entire growth
cones were analysed, i SHT-2a (n=9, p=0.0006) and j SHT-1b
(n=9, p=0.0028) receptor translocation was significantly biased in
growth cones exposed to SHT-Lo. All ratios were compared to vehi-
cle (Data normally distributed: Shapiro—-Wilk. One-way ANOVA,
Tukey’s multiple comparison test). Scale bars are 5 pm (Fig. 7b—d)
and 1 pm (Fig. 7e)

@ Springer



2258

S.Vicenzi et al.

-
(=
2
=
o
S

o)
2
L
=
[
>

5HT-Lo gradient

5HT1b

.

5HT2a

ns
i s k |
3= ® 100 = 000 000 2.5 = ns
5 o
]
~ * 80
= o
E % 2 olo "§
S §- 60— P » w
© < olo Z
5 E= £
o 3 40 = (o] i‘-)l
s 8 @ o 3
= k=} o A
= S 20- o
o
i
0 T T
Veh 2A 1B Veh 2A 1B
m n
- - *kkKk ns
5 ns ns 5 —_
°
S 4+ 4=
13
3 2 o440
8 3+ (o] (o] S 3
T [
o ©
2 w
™
g 2- oo o S 2 o
£ z
13} oF Y¢] (o]
c
E 1 = .. 1. .. T
ogo o
0 9 T 9 9 0 T T T T
Veh 5HT-Lo Veh 5HT-Lo Veh 5HT-Lo Veh 5HT-Lo
5HT2a 5HT1b 5HT2a 5HT1b

Fig.8 SHT-Lo exposure causes asymmetric distribution of mem-
brane 5-HT2a receptors to the motile side of growth cones. a-h
Representative growth cones exposed to vehicle and SHT-Lo gra-
dients (micropipette on upper left side) and stained for membrane
localization of receptors 5-HT1b (green, a, e), 5-HT2a (green, ¢, g)
and merged with actin, (red, b, d, f, h). Dotted line separates the near
and far regions of the growth cone. i Increase magnification of rep-
resentative image h to show the presence of 5-HT2a receptor mem-
brane on most filopodia (¥) of the growth cone (yellow *, insets).
Scale bars are 5 pm. (j-k)There was no significant near/far bias
in the amount of f-actin (/area) (j) and the number of filopodia (k)
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in growth cones exposed to vehicle and SHT-Lo. Kruskal-Wallis,
Dunn’s multiple comparison post hoc test. (I) There was no signifi-
cant bias in the total percentage of filopodia containing SHT2a and
SHT1b puncta (60%). One-way ANOVA followed by Tukey’s multi-
ple comparison post hoc test. (m) There was no significant near/far
bias in the amount of 5-HT2a and 5-HT1b puncta per filopodia. (n)
Analysis of 5-HT receptor membrane localization showed transloca-
tion of 5-HT2a (n=18, p=<0.0001) to the near side of growth cones
exposed to SHT-Lo while no significant translocation of 5-HT1b
(n=15, p=0.346) was observed. (Mann—Whitney U-test)
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using the same primary antibodies conjugated directly to a
fluorescent probe. Growth cones were fixed during turning
to SHT-Lo or vehicle and processed for immunocytochem-
istry without permeabilization (Fig. 8a, i). Although non-
permeabilised ICC showed less immunoreactivity, serotonin
receptor puncta were present throughout growth cones and
filopodia (asterisks, insets, Fig. 8i). The number of filopodia
detected across growth cones was not significantly different
between near vs far regions (Fig. 8j) and among all experi-
mental conditions, 60-70% of filopodia were enriched with
5-HT?2a and 5-HT1b receptor puncta (Fig. 8k). The amount
of f-actin was not significantly different between near vs far
regions (Fig. 81). We then assessed the near:far distribution
of 5-HT2a and 5-HT1b receptor puncta in growth cones and
filopodia (Figs. 8m, n). As expected, growth cones and filo-
podia exposed to gradients of vehicle showed an equal, or
random “near/far” distribution of both 5-HT2a and 5-HT'1b
receptors with no bias of puncta to the motile, or “near”
side (Fig. 8m, n). Similarly, there was no near:far bias in the
amount of 5-HT2a and 5-HT1b puncta detected in filopodia
exposed to SHT-Lo (Fig. 8m). Importantly, we detected a
significant translocation of 5-HT2a in growth cones exposed
to SHT-Lo, with higher 5-HT2a receptor density on the near
side (Fig. 8n), with no detectable translocation of 5-HT1b
receptors in the membrane of growth cones exposed to SHT-
Lo (Fig. 8n). These data confirm that 5-HT?2a receptor distri-
bution is sensitive to the extracellular serotonin concentra-
tion, mobilising asymmetrically to the membrane on the near
side of growth cones exposed to SHT-Lo.

Discussion

Serotonin, a vital neuromodulator of the mature nervous sys-
tem, is also prominently expressed during development of
the CNS [27, 28]. In this study, we asked whether serotonin
acts as a bona fide guidance cue during axon pathfinding,
capable of modulating growth cone motility. Our experi-
ments have revealed that serotonin can indeed function as
an instructional guidance molecule by regulating the bidi-
rectional turning of rodent sensory neuronal growth cones,
in vitro, without altering the rate of axon growth. We found
that serotonin initiates and sustains growth cone attraction
and repulsion in a dose-dependent manner through 5-HT2a
and 5-HT1b receptors, coupled to canonical second mes-
senger signalling pathways. To our knowledge, this is the
first direct demonstration of serotonin acting in a dose-
dependent manner to activate growth cone chemoattraction
and chemorepulsion. Our data support a novel mechanism
where extracellular serotonin might regulate axon guidance
in a binary manner, to attract and subsequently stop axons
during development of circuits in the embryonic brain.

The role of serotonin in shaping CNS circuits has been
studied intensively over past decades, primarily by studying
in vivo models that manipulate the extracellular serotonin
milieu through altered serotonin synthesis or reuptake. This
body of work illustrates a spectrum of subtle guidance and
targeting defects and suggests normal circuit development
requires optimum extracellular levels of serotonin (exten-
sively reviewed in [2, 43, 44]). Similarly, previous in vitro
work has demonstrated that serotonin levels could alter both
axon extension and branching in vertebrate and invertebrate
neurons [7-9, 45], yet how developing neurons, during axon
pathfinding, are able to discern and respond appropriately
to extracellular serotonin was unclear. Our study provides
a model where extra-synaptic gradients of serotonin can
function in chemoattraction and repulsion in the “guidance
landscape” of the developing CNS.

Neurotransmitters are well known to regulate neuronal
migration and axon growth (reviewed in [46]), with neuro-
transmitter receptors expressed on progenitor cells [47] and
coupled to second messengers [5] are able to regulate devel-
opmental processes such as neuronal growth cone motility
and guidance. For example, acetylcholine induces attractive
turning through the activation of nicotinic receptors and a
significant rise in cytosolic calcium, without significantly
affecting the rate of extension [48]. Similarly, glutamate
induces growth cone attraction mediated by NMDA recep-
tors and calcium signaling [49]. Interestingly, dopamine is
also capable of activating attraction and repulsion. Dopa-
mine acts as a chemoattractant for target cell growth cones
but at the same concentration, also acts as a chemorepellent
for non-target cell growth cones [50].

Serotonin has been shown to have disparate effects
in vitro, both inhibiting and enhancing neurite outgrowth
[6-10]. These seemingly contradictory effects of serotonin
on developing neurons in vitro suggest that serotonin action
is defined by (a) pleiotropic expression of serotonin recep-
tor subtypes, (b) downstream effectors of receptor signal-
ing and (c) heterogeneity of serotonin concentration in the
developing CNS. The presence of diverse serotonin receptor
subtypes in embryonic neurons [29] and our demonstration
of serotonin receptors in growth cones, together with the
coupling of selected receptors to distinct second messenger
signaling cascades [20], supports the notion that serotonin
could regulate opposing growth cone turning responses at
specific concentrations. We have shown that serotonin elicits
attraction through specific activation of 5-HT2a receptors
and PLC-mediated ER calcium release. Significantly, inhibi-
tion of the 5-HT2a receptor completely abolished attraction,
suggesting little or no involvement by other receptor sub-
types. Surprisingly, the exposure of growth cones to a higher
serotonin concentration (100 uM) induced significant growth
cone repulsion which was abolished by specific antagonism
of 5-HT1b receptors and restoration of cAMP signalling
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with the adenylate cyclase activator, forskolin. These results
are consistent with previous research demonstrating the sec-
ond messengers, cytosolic calcium and cAMP, regulate turn-
ing and guidance of growth cones in response to molecular
cues such as serotonin (as reviewed in [51]).

It is well established that growth cone attraction to guid-
ance cues such as BDNF is characterised by generation of
spatially restricted calcium gradients that are sustained tem-
porally and spatially by store operated calcium entry (SOCE)
[25, 26]. We found that attraction of growth cones to SHT-
Lo was dependent on replete ER stores and activation of
PLC- and IP; mediated signal transduction. The sustained
calcium response supports the hypothesis that SHT-Lo acti-
vation of SHT-2a signals via IP3-mediated calcium release/
influx and is consistent with our previous work [23, 25, 26]
demonstrating that other calcium-dependent guidance cues
such as BDNF activate ER-medicated calcium dynamics that
drive cytoskeletal reorganisation during growth cone turn-
ing. The exact spatiotemporal nature of calcium release in
the case of serotonergic stimulation seen in this study has
yet to be determined. Exposure of growth cones to SHT-Hi,
however, did not alter cytosolic calcium levels, but instead
relied on 5-HT1b-mediated inhibition of cAMP signalling.
Coincidently, SHT-Lo stimulation elicited a small but sig-
nificant increase in cAMP levels confirming downstream
crosstalk between cAMP and calcium signalling during
attractive turning [39]. Exactly how the biphasic responses,
from attraction to repulsion, are initiated over a relatively
narrow concentration gradient are not completely under-
stood. A similar concentration-dependent bimodal turning
response has been observed in embryonic cortical axons,
upon exposure to netrin-1 gradients [52], where low con-
centrations of netrin-1 promoted attraction and higher con-
centrations of netrin-1 caused repulsion, without perturbing
axon growth [52].

Immunolocalization experiments designed to track
receptors after exposure to serotonin revealed significant
translocation of the 5-HT2a receptor in response to low
serotonin exposure. Exactly how this translocation might
be regulated in highly motile structures such as growth
cones is unclear. Specific binding motifs between sero-
tonin receptors and the cytoskeleton are unknown at this
time. However, it has been shown that heterotrimeric G
proteins (G afy), which are the components of G pro-
tein-coupled receptors, interact with microtubules [53],
[54]. These studies demonstrate that G a subunits inhibit
microtubule polymerization and G fy promotes micro-
tubule assembly. Our experiments provide compelling
functional data that suggest a mechanism for growth cone
turning towards 5-HTLo whereby the G a subunit could
initiate the PLC-mediated ER calcium release, while the
G fy subunits could interact with the tubulin cytoskel-
eton to promote microtubule assembly in the direction of
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attractive turning. A more detailed biophysical analysis
of receptor localization and/or translocation would be
necessary to understand these mechanisms but is beyond
the scope of the current study. Notably, desensitization
of G-protein coupled receptors by prolonged agonist or
antagonist exposure has been well documented in the case
of the 5-HT2a receptor. The 5-HT2a receptor exhibits a
time-dependent desensitization at serotonin concentrations
of 10-100 uM in rodent cortical neurons [55]. Prolonged
exposure of 5-HT?2a receptors to both serotonin and ritan-
serin in a glioma cell line results in significant receptor
internalisation through a clathrin and dynamin-dependent
process [56]. Signalling in this case was reduced through
the inability of 5-HT2a to couple downstream G-proteins
resulting in attenuation of PLC-mediated calcium release.
Our results suggest that once desensitized, serotonin sign-
aling might “spill over” to 5-HT1b receptors, mediating
growth cone repulsion.

Our data demonstrate that neuronal growth cones are
exquisitely tuned in their responses to extracellular con-
centrations of serotonin. Given the variable secretion of
serotonin from a variety of extra-synaptic sites, including
soma and axons [11] of serotonergic neurons, our results
would be consistent with a mechanism for subsequent
waves of extending axons guided through a process of
growth cone attraction and repulsion, to target serotoner-
gic neurons in early developmental landscape of the CNS.
Our data support a novel hypothesis for early neuronal
circuit development whereby serotonin might contribute
to guiding growth cones towards synaptic targets, acting
as a chemoattractant by activating SHT-2a receptors and
IP; mediated calcium signals. The very narrow tuning
responses of growth cones in the micromolar range seen
in this study would suggest that as growth cones approach
the domains of higher serotonin concentration, desensitisa-
tion of SHT-2a receptors occurs and higher serotonin lev-
els subsequently activate the SHT-1b receptors, possibly
acting as molecular “stop” signals. In conclusion, these
data suggest a novel guidance mechanism for serotonin,
where rather than simply modulating existing guidance
cues it also acts as “stop” or “go” instructional signal dur-
ing circuit formation.
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