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Multispectral four-dimensional imaging reveals that evoked
activity modulates peripheral arborization and the selection
of plane-polarized targets by sensory neurons

Adéle Faucherre*, Jean-Pierre Baudoin, Jesus Pujol-Marti and Hernan Lépez-Schier*

SUMMARY

The polarity of apical stereocilia endows hair cells with directional excitability, which in turn enables animals to determine the
vectorial component of a sound. Neuromasts of the lateral line of aquatic vertebrates harbor two populations of hair cells that are
oriented at 180° relative to each other. The resulting sensory-vectorial ambiguity is solved by lateralis afferent neurons that
discriminate between hair cells of opposite polarities to innervate only those with the same orientation. How neurons select
identically oriented hair cells remains unknown. To gain insight into the mechanism that underlies this selection, we devised a
simple method to gather dynamic morphometric information about axonal terminals in toto by four-dimensional imaging.
Applying this strategy to the zebrafish allowed us to correlate hair cell orientation to single afferent neurons at subcellular
resolution. Here we show that in zebrafish with absent hair cell mechanoreception, lateralis afferents arborize profusely in the
periphery, display less stability, and make improper target selections. Central axons, however, show no dynamic changes and
establish normal contacts with the Mauthner cell, a characteristic second-order target in the hindbrain. We propose that the
hardwired developmental mechanisms that underlie peripheral arborization and target recognition are modulated by evoked hair
cell activity. This interplay between intrinsic and extrinsic cues is essential for plane-polarized target selection by lateralis afferent

neurons.
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INTRODUCTION
Sensory perception is a complex process that allows organisms to
sample the environment and to react appropriately (Fain, 2003;
Hudspeth, 1997). Therefore, sensory dysfunction can be a major
handicap that dramatically decreases the quality of life of the
affected individual. Deafness, for example, can cause
communication problems and may increase the risk of social
isolation (Petit et al., 2001; Petit and Richardson, 2009). Sensory
systems consist of external sensory receptors that are connected to
higher brain areas with cognitive functions via afferent neuronal
pathways. Historically, a great emphasis has been placed on the
genetic bases of sensory organ innervation during embryonic
development. However, most animals spend the overwhelming
majority of their lives as adults, when the continuous refinement of
organ innervation is not under strict genetic control but is often
modulated by extrinsic factors such as sensory activity, disease or
pharmacological agents. Sensorineural circuit maintenance, in
particular, must converge the intrinsic mechanisms that link cellular
identity to target recognition during embryonic development with
extrinsic signals that stabilize or destabilize synapses in the adult.
This is particularly important for organs with high sensory cell
turnover.

The inherent difficulty of studying animals after birth, however,
has hampered our understanding of the long-term dynamics of organ
innervation. Explanted tissues rarely provide an ideal system to
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study sensory organs because they perform their main physiological
function of transmitting external stimuli to the brain only in their
native context. Hearing is a mechanosensory modality that presents
a particularly important challenge because inner-ear hair cells and
neurons are very difficult to visualize in their natural context even
in newborn animals. By contrast, aquatic vertebrates such as fishes
and amphibians have a functionally sophisticated but anatomically
simple superficial mechanosensory organ called the lateral line
(Dambly-Chaudieére et al., 2003; Flock, 1971; Ghysen and Dambly-
Chaudiére, 2004; Ghysen and Dambly-Chaudiere, 2007,
Lowenstein, 1967). In the zebrafish, each organ of the lateral line
contains 20-30 hair cells that are divided into two populations, the
stereocilia of which are oriented at 180° relative to each other
(Lopez-Schier et al., 2004). These peripheral mechanosensory cells
communicate hydromechanic variations around the animal’s body
to the brain through direct synaptic contact with lateralis afferent
neurons (Dijkgraaf, 1962; Gompel et al., 2001). These neurons are
bipolar, projecting central and peripheral axons that terminate in
ornate arbors (Claas and Miinz, 1981; Ghysen and Dambly-
Chaudiére, 2004). In the lateral line, the spatial distribution of hair
cells of different planar polarities changes as organs grow or hair
cells die and regenerate (Lopez-Schier and Hudspeth, 2006).
Therefore, lateralis sensory neurons must remodel their peripheral
axonal arbors accordingly. This implies that cues originating from
the hair cells could influence the intrinsic arborization ability of the
lateralis neurons, and their selection of plane-polarized targets
(Faucherre et al., 2009).

In the present study, we test these hypotheses using the zebrafish
lateral line organ, which combines the three-dimensional
organization of a sensory receptor with a simple neural component,
the dynamics of which can be visualized over long periods and under
controlled physiological conditions. We report a comprehensive
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study of afferent neuron arborization and plane-polarized target
selection using quantitative in toto live imaging and analytical
methods in wild-type animals and in specimens with defective hair
cell mechanoreception.

MATERIALS AND METHODS

Animals

Zebrafish were maintained under standardized conditions and experiments
were conducted in accordance with protocols approved by the PRBB Ethical
Committee of Animal Experimentation. Embryos were staged according to
Kimmel et al. (Kimmel et al., 1995). The brn3c:gfp transgenic line, which
expresses GFP in hair cells, was obtained from Herwig Baier (UCSF).
HGn39D, Tg(HuC:Kaede) and Tg(isletl:gfp) have been published
previously (Higashijima et al., 2000; Sato et al., 2006).

Morpholino injections

Morpholino oligonucleotides (MOs) were obtained from Gene Tools
(Philomath, OR, USA). The sequence of the MO to cdh23 is 5'-
CTCCCGAACCTTCACACCACGACAT-3' (Sollner et al., 2004). MO (2.5
ng) was co-injected with the HuC:mem-TdTomato construct (10 pg) and
transposase (TPase) RNA (10 pg) into one-cell stage embryos. Analysis of
the morphants was conducted 4 days after injection.

Labeling and imaging

Immunostainings were performed as described (Faucherre et al., 2009). The
primary rabbit anti-Ribeye B antibody was used at 1/100. Cy5-labeled
donkey anti-rabbit secondary antibody (Jackson ImmunoResearch) was
used at 1/150. We conducted analyses of hair cell orientation, performed
vital imaging and screened embryos as described (Faucherre et al., 2009).
Wild-type fish, #mie mutants and Cdh23 morphants were sorted depending
on DiASP incorporation.

Images were acquired with a Leica TCS SPE confocal microscope with a
40X oil-immersion objective or with a Leica TCS SP5 confocal microscope
with a 20X dry objective. z-stacks were acquired at 0.8 or 0.5 um intervals,
imaging GFP (488 nm excitation, 500-550 nm emission) and TdTomato (532
nm excitation, 570-630 nm emission). Kaede was photoconverted from green
to red fluorescence by exposing the larvae to 405 nm light for 2 minutes.

Dextran injections

Dextran (3% in 0.2 M KCl) was dried on a glass slide. To retrogradely label
the Mauthner cells, anesthetized fish at 5 days post-fertilization (dpf) were
placed on their side in a humidified Petri dish. Using a stereomicroscope,
fish were injected with the tip of a tungsten needle (World Precision
Instruments, 501316) covered by a minute amount of dried fluorescein-
dextran (Invitrogen, D3306) and manually inserted by micromanipulation
into the spinal cord at the level of the cloacum. The fish were allowed to
recover until 6 dpf and then injected under the same conditions with Alexa
647-dextran (Invitrogen, D22914) and Rhodamine-dextran (Invitrogen,
D3308) in the posterior (P9, terminal neuromast) and anterior (SO2, supra-
orbital) neuromasts. Animals were selected at 7 dpf for green and red
fluorescence in the Mauthner cells and neuromast central projections. They
were then mounted on their side in 1% agarose and imaged at the level of
the hindbrain using a Leica SPE confocal microscope with a X40/1.15 ACS
APO oil CS objective. Far-red fluorescence of P9 projections was checked
with the confocal microscope. Lateromedial z-stacks consisted of 0.5 pm-
spaced images, starting at the level of lateral line projections and finishing
at the medial part of the Mauthner soma. Mean z thickness of the stacks was
150 um (n=6). Three-dimensional (3D) reconstructions and cropping of z-
stacks were realized with Imaris software (Bitplane).

Four-dimensional (4D) quantification of axonal arbors

We used double-transgenic animals to perform quantitative analyses of
axonal arbors in vivo in three dimensions (x=80 pm; y=80 um; z=20 um, at
0.5 um or 0.8 um intervals) at a rate of one 3D stack every 10 minutes for 1
hour. Digital 4D reconstructions of GFP-positive hair cells and mem-
TdTomato afferent neurons were obtained from individual optical sections
through the entire extent of the neuromast and the neuronal arbor with the
aid of Imaris software. We subsequently quantified changes in arbor
complexity by volumetry and kinetics (changes in arbor structure).

Neuronal arbor tracing

Three-dimensional reconstructions of each time point were aligned using
the Spot/Correct Drift function of Imaris. Tracing of the neuronal arbor was
performed using the FilamentTracer Imaris module. Briefly, the Autopath
(no loops) algorithm was used and the starting point was manually selected
at the first bifurcation point and assigned as the dendrite beginning point.
End points were also manually selected and filaments automatically traced.
Final tracing was checked manually and corrected if needed. The process
was repeated for every time point.

Four-dimensional rendering

In order to visualize the different positions of a specific tip over time, each
terminal point was selected, copied in order to be visible at every time point
and one color attributed to each.

Quantification of neurite complexity

Presence

The number of terminal points was counted for each sample at each of the
six time points. The average of number of neurites (number of terminal
points) was calculated for the wild-type fish, the #mie mutants and the Cdh23
morphants.

Stability

Neurite stability was expressed by calculating the percentage of stable
neurites (present throughout the six time frames, i.e. for 1 hour) versus the
percentage of transient neurites (neurites visible for fewer than six time
points). The average was calculated for the wild-type fish, the tmie mutants
and the Cdh23 morphants.

Persistence
The persistence of the neurites was calculated from the percentage of
neurites present for only one, two, three, four, five or all six time frames.

Consistency

We defined consistency as the number of events (growth or retraction)
observed for each neurite. ‘Consistent’ refers to a neurite that has neither
grown nor retracted over the six time frames. ‘One event’ refers to a neurite
that has only grown or only retracted over the six time frames. ‘Two events’
refers to a neurite that completed a sequence of two different movements,
i.e. growth followed by retraction or vice versa. Similarly, ‘three events’
refers to a sequence of three different movements; for example, growth
followed by retraction followed by growth. To calculate growth and
retraction, the position value of a neurite at a specific time point is subtracted
from the value of the previous time point. Therefore, positive values
correspond to growth and negative values to retraction. Arbitrarily, we
decided that significant growth or retraction movements correspond to
absolutes of greater than 1.5 um. Consistency is represented by the
percentage of neurites that has achieved a number of events.

Dynamics

At every time point, each terminal point was selected and the distance
between this terminal point and the beginning point, following the neuronal
path, was obtained with the statistical menu of the filament tracer. Neurites
were subdivided into three categories: those exhibiting bulged contacts with
hair cells and present throughout the six time frames (bulged); those present
throughout the six time frames but without bulged contacts (stables); and
transient neurites. The value of the terminal point position at the first time
point was normalized to zero and the same value subtracted from the
subsequent time points in order to establish the distance traveled by the
neurite tip. In the case of transient neurites, the zero position was attributed
to the branching point from which the neurite extended.

RESULTS

The structural diversity of lateralis afferent
peripheral arbors

To unravel the mechanisms responsible for the selection of plane-
polarized hair cells by lateralis afferent neurons, we performed a
detailed reconstruction of optically isolated axonal arbors in toto at
high spatial resolution. This analysis is straightforward because each
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Fig. 1. Central and peripheral projections of lateralis afferent
neurons. (A) GFP-positive peripheral projections in the HGn39D
transgenic zebrafish line. Three afferent neurons projecting to a
neuromast are depicted. (B) Neuromast innervation in a HuC:Kaede and
islet1:gfp double-transgenic larva after Kaede photoconversion. Green
neurons are GFP positive, red neurons are Kaede positive and yellow
neurons are GFP/Kaede positive. Neuromasts are innervated by both red
and yellow neurons. Arrowheads indicate the neuromasts. Dashed lines
delimit the spinal cord. (C) Soma of a single TdTomato-positive afferent
neuron in a GFP-positive posterior ganglion of an HGn39D transgenic
fish. The soma expressing TdTomato is localized in the posterior lateral
line ganglion. (D) Central projection of a single TdTomato-labeled
afferent neuron. Anterior is to the left and posterior to the right.

(E,F) Peripheral projections of a single TdTomato-labeled afferent
neuron at two different time frames (10-minute interval). The arrow
indicates a bulged extremity, whereas the arrowheads indicate thin and
mobile neurites. (G,H) Anti-Ribeye B immunostaining. The formation of
ribbon synapses between the afferent neuron (red) and the hair cells
(green) is visualized by the presence of the Ribeye B protein (cyan).
Arrowheads indicate (G) a thin neurite that does not contact a hair cell,
and (H) bulged neurites containing the Ribeye B protein. (I) The average
number of neurites present at each time point for wild-type (wt) and
tmie mutant fish. Error bars represent the s.e.m. Wild type, n=6; tmie,
n=6. Scale bars: 10um in A,G,H; 20 um in B-D; 5um in E,F.

lateral line organ in the zebrafish larva is innervated by only two or
three afferent neurons (Fig. 1A) (Faucherre et al., 2009). Initially,
we sought to investigate the elaboration of axonal arbors using
UV-mediated photoconversion of single lateralis afferents in
Tg(HuC:Kaede) (HuC 1is also known as elavl3 — Zebrafish
Information Network) stable transgenic fish, which has been
reported to highlight the afferent neurons of the lateral line (Caron
etal., 2008). However, we found that in larvae resulting from a cross
between the efferent marker Tg(islet]:gfp) and Tg(HuC:Kaede),
efferent neurons of the lateral line were also labeled by Kaede (Fig.
1B). Thus, we could not unequivocally assign an afferent identity to
neurons of the lateral line in 7g(HuC:Kaede).

Instead, we determined afferent neuronal morph by injecting a
plasmid encoding HuC:mem-TdTomato, as previously reported
(Faucherre et al., 2009). We selected for analysis only those
specimens with single red-fluorescent neurons, the soma of which
were localized within the lateralis afferent ganglion, which can be
marked using the HGn39D transgenic line (Fig. 1C) (Faucherre et
al., 2009). Injections were performed in stable Tg(brn3c:gfp) (brn3c
is also known as pou4f3 — Zebrafish Information Network) eggs to
visualize all hair cells with EGFP (Xiao et al., 2005). To reconstruct
axonal arbors, we devised a simple method using inexpensive and
widely accessible commercial tools.

Our 3D reconstruction of optically isolated neurons showed that
lateralis afferents project stereotypic central axons that enter the
hindbrain and bifurcate, forming an anterior branch and a posterior
branch (Fig. 1D) (Metcalfe et al., 1985). By contrast, peripheral
axonal arbors were structurally diverse (Fig. 1E,F), typically
forming different types of neurites. Bulged neurites were stably
associated with hair cells in what are likely to be synaptic
connections, as the bulges adjoined synaptic ribbons as revealed by
immunolabeling with an antibody to Ribeye B (Ctbp2l — Zebrafish
Information Network) (Fig. 1G,H) (Sidi et al., 2004). Thin neurites
were longer and did not always contact hair cells (Fig. 1E-G). One
explanation for the diversity of peripheral axon structure is that they
are dynamic.

To examine their behavior, we reconstructed peripheral terminals
by live imaging at high temporal and spatial resolution. We acquired
z-stacks of the entire axonal arbor every 10 minutes over a period of
1 hour and subsequently rendered them 3D over time (#=6). Arbors
were rebuilt by semi-manual tracing of all the filaments at every
time point, which allowed us to quantify the behavior of the different
neurites (see Table S1 in the supplementary material). This analysis
showed that neurites constantly change length and position. On
average, neurites grew or retracted at a rate of 100 nm per minute
and were capable of extending as much as 5 um in 10 minutes (Fig.
1E,F). Despite these rapid changes in shape, arbor complexity did
not change because the average number of neurites was maintained
during the recorded period (Fig. 1I). This is consistent with previous
live imaging observations that the rate of neurite sprouting is
equivalent to that of pruning (Faucherre et al., 2009). We also found
that neurite sprouting occurred by interstitial branching and that
pruning occurred through retraction, as we never observed neurite
shedding or degeneration. We conclude that the structural diversity
of afferent peripheral arbors results from a very active process of
neurite production, extension and retraction.

Peripheral arborization is modulated by hair cell
activity

The observation that neuron sprouting activity is lower in quiescent
neuromasts than in those undergoing regeneration suggests that
peripheral arbors restructure in response to cues from the sensory
epithelium (Faucherre et al., 2009). We asked whether these cues
originate from hair-cell activity by taking advantage of a zebrafish
strain with a loss-of-function mutation in tmie, the ortholog of the
mammalian deafness gene transmembrane inner ear. Homozygous
tmie mutant zebrafish are viable and fertile, but profoundly deaf due
to defects in hair cell mechanoreception (Gleason et al., 2009).

We scatter-labeled lateralis afferents by injecting HuC:mem-
TdTomato DNA into wild-type and fmie mutant eggs that also
carried the Tg(brn3c:gfp) transgene. Again, axons were identified
as afferent when they could be traced to a soma located in the
postotic ganglion. We acquired 4D images and found that in every
case the peripheral arbors were significantly more complex in tmie
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Fig. 2. Four-dimensional reconstruction of a single labeled
afferent neuron. (A-G) Four-dimensional representations of an
afferent neuron in wild-type (A-C) and tmie mutant (E-G) fish.

(A,E) mem-TdTomato-labeled neuron contacting the GFP-expressing
hair cells. The terminal point of each neuron has been plotted with a
different color. For each terminal point (i.e. for each color) positions
have been plotted over time, every 10 minutes for 1 hour. (B,F) Same as
A E but without the hair cells. (C,G) Same as B,F but with only the dots
representing the terminal point. The unique cyan dot indicates the
beginning point of the neuronal arbor. The white frame corresponds to
the neuronal arbor reconstruction of the first time frame.

(D,H) Maximal projections and neuronal arbor reconstruction of the
same neuron over time. Images T1-T6 were taken every 10 minutes for
1 hour. Beginning point is in cyan, terminal points are in green,
branching points are in red, and special branching points (multiple
bifurcations) are in blue. Arrowheads indicate examples of transient
neurites. Scale bars: 5pum.

fish (n=06) than in wild-type controls (n=6) at 7 dpf. We quantified
arbor complexity by adopting different strategies. We assigned
numerical complexity by counting the total number of neurite
termini per arbor. For dynamic complexity, we generated a visual
representation of the arbors by placing a colored dot on each neurite
terminus. Subsequently, the position of each terminus was tracked
in 3D space every 10 minutes for 1 hour. Termini were assigned a

Fig. 3. Four-dimensional representations of a single labeled
afferent neuron. Four-dimensional representations of single labeled
afferent neuron in six wild-type (above) and tmie mutant (below) fish.
The terminal point of each neuron has been plotted with a different
color. For each terminal point (i.e. for each color) positions have been
plotted over time, every 10 minutes for 1 hour.

different color at each of the six time points that divided the whole
recording period (Figs 2 and 3; see Movies 1-4 in the supplementary
material). Comparison of the numerical and dynamic complexity
between wild-type and fmie animals indicated that the group of
mutants had, on average, a 2-fold increase in the number of neurites
at each time point (Fig. 11T and see Fig. S1A in the supplementary
material). For example, the tmie mutant in Fig. 2 had 16 neurites at
the first time frame, whereas wild-type fish displayed only six
branches at the same time point.

Next, we compared arbor stability by counting the number of
neurites present throughout the six time points imaged (stable
neurites) and also those that were observed in only one to five of
the time frames (transient neurites). In #mie mutants 40% of the
neurites were transient, significantly higher than the 12% found in
wild-type specimens (P<0.01) (Fig. 4A and see Fig. S1B in the
supplementary material). We next counted the number of neurites
that were visible during one to five of the time frames and defined
‘persistence’ as the ability of a neurite to remain present during a
defined period. This analysis revealed that the majority (88%) of
wild-type neurites was present throughout the whole recorded
period, whereas only 59% of the neurites in tmie fish were present
during all six time frames. We found that 14% of fmie neurites
were present for only one time frame, compared with 7% in the
wild type (Fig. 4B). Therefore, neurites of tmie mutants were less
persistent.

We then probed wild-type and fmie neurites for their
‘consistency’. We defined consistency as the persistence of their
behavior (Fig. 4C). For example, neurites that have neither grown



Zebrafish lateral line innervation

RESEARCH ARTICLE 1639

A ) ) )
Percentage stable vs transient neurites wor Persistence
100.0
90.0 0w
@
0.0 £
3
0.0 == transient e
80.0 == stable 5
500 1]
o
0.0 i}
5
a0.0 g
20.0 3
10.0
0.0 n
wt tmie
number of time frames
€ .~ Consistency D ]
Bulged neurites
2 ) o 42 .
£ 4007 37 20.00 ST
S 38 _ —_t Tmie £
[ g 1500 Sar—
5 30 £ 1000 g
5
= g s00 -
8 E 5
£ 2 = 000 — ®
] g g i
2 i 5500 §
y g
g B-1000 &1
e T2 ™ T4 T5 T6 0
Time point wt tmie
Consistent 1 avent 2 gvenls 3 events 4 avents
E Stables neurites F Transient neurites
5 20.00
5
= 15,00 =
N E 10,00 H
3 s
8% 2500 é 3
3, 2 0.00 -3
) 5 2
g Fsm 5
A 1000 A
R 500

m T2 m T4

Time point

wt tmie

T T2 T3 T4

Time point

15

wt tmie

Fig. 4. Quantitative analysis of neurite dynamics. (A) Average of stable (present throughout the six time frames) versus transient (present in
fewer than six time frames) neurites in wild-type and tmie mutant fish. Error bars represent the s.e.m. *, P<0.01. (B) Neurite persistence. Persistence
of neurites was calculated from the percentage of neurites present for only one, two, three, four, five or all six time frames. (C) Neurite consistency.
‘Consistent’ refers to a neurite that has neither grown nor retracted over the six time frames. ‘One event’ refers to a neurite that has only grown or
retracted over the six time frames. ‘Two events’ refers to a neurite that completed a sequence of two counter movements, i.e. growth followed by
retraction or vice versa. Similarly, ‘three events’ refers to a sequence of three counter movements. (D-F) Dynamics of neurites tips. The value of the
terminal point position at the first time point was normalized to zero and the same value was subtracted from the subsequent time points in order
to establish the distance traveled by the neurite tip. On the right of each graph is shown the average distance (um) traveled by each type of neurite
during one time frame. Stable neurites lack a bulged extremity but are present throughout the six time frames. (D) Dynamics of bulged neurites.

(E) Dynamics of stable non-bulged neurites. (F) Dynamics of transient neurites. Red lines, wild type; dashed green lines, tmie. Error bars represent
s.e.m. ¥, *x* *xx% P 01; **, P<0.1 for pairs indicated by number of asterisks; wild type, n=6; tmie, n=6.

nor retracted for the whole recorded period were classified as highly
consistent, whereas those that performed a sequence of counter
behaviors (e.g. growth then retraction) defined a lower degree of
consistency. In tmie mutants, only 11% of neurites were absolutely
consistent, whereas 42% grew or retracted, and 36%, 9% and 2%
performed a sequence of two, three or four counter events,
respectively. By comparison, in wild-type fish the respective values
were 40%, 37%, 23%, 0% and 0%. Thus, neurites in fmie mutants
are less consistent.

Finally, we measured the distance traveled by each neurite from
the first time point. For a more accurate analysis, we subdivided
them into three categories: bulged neurites that were present
throughout the six time frames (bulged); neurites that were present
throughout the six time frames but without bulging (stable); and
neurites of low persistence (transient). Wild-type and mutant
transient neurites traversed significantly longer distances during one
time point than stable and bulged neurites (Fig. 4D-F).

To confirm that the observed effects were caused by the loss of
hair cell activity, we applied the same strategy to animals injected
with a morpholino (MO) against cadherin 23 (cdh23). Cdh23
morphants phenocopy the sputnik zebrafish strain, which bear a

mutation in cdh23 that also causes deafness and lack of
mechanoreception due to absent tip links (Sollner et al., 2004). The
study was conducted at 4 dpf for maximal MO efficiency. Similar to
tmie mutants, Cdh23 morphants showed more complex peripheral
arbors than control fish. On average, we observed a 1.7-fold increase
in the number of neurites, with 46% of neurites being transient in
morphants versus 17% in controls. We also found that neurites were
less persistent and less consistent in Cdh23 morphants (controls,
n=3; cdh23 MO, n=3) (see Fig. S2 and Table S2 in the
supplementary material). From these results, we conclude that the
complexity of afferent neuron peripheral arbors is influenced by the
sensory epithelium, and that arbor stability depends on evoked hair
cell activity.

Central axons appear normal in profoundly deaf
zebrafish

We next asked whether profound deafness would also influence
neuron central axons. We assessed lateralis afferent central
somatotopy and contacts with the Mauthner cell, a characteristic
second-order target in the posterior hindbrain (Kimmel et al., 1982;
Metcalfe et al., 1985). The lateral dendrite of the Mauthner cell has
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Fig. 5. Central projections of first-order lateral line sensory
neurons in tmie mutants. Central somatotopy and targeting of the
Mauthner cell are conserved in tmie mutants. (Aa-d) Fluorescent
dextran injections in tmie”~ brn3c:gfp transgenic fish showing
somatotopy of first-order lateral line sensory neuron projections coming
from posterior (b) and anterior (c) neuromasts. Projections coming from
P9 (PLL) neuromasts (b; Alexa 647-dextran) and SO2 (ALL) neuromasts
(c; Rhodamine-dextran) project in a dorsoventral manner (a) in the
hindbrain. (d) Projections coming from the ear (Brn3c:GFP).

(Ba-c) Fluorescent dextran injections in tmie™ brn3c:gfp transgenic fish
showing central targeting of the Mauthner lateral dendrite by posterior
and anterior lateral line projections (a). Projections coming from the P9
(PLL) neuromast (b; Alexa 647-dextran) connect (arrowheads) to the
lateral-most portion of the Mauthner cell lateral dendrite (c; fluorescein-
dextran), which extends ventrodorsally. (C) Scheme (not to scale)
depicting the central somatotopy of the first-order lateral line sensory
neuron projections, and their targeting of the Mauthner cell lateral
dendrite. In tmie fish, the anteroposterior axis of the lateral line
neuromast projects onto the ventrodorsal axis of the Mauthner lateral
dendrite dorsal projection, as in wild-type fish. ALL, anterior lateral line;
PLL, posterior lateral line.

a dorsal projection at its lateral tip that is the target of the lateralis
afferent projections (Fig. 5C). To reveal the Mauthner cell, we
injected green fluorescent dextran into the spinal cord of fmie mutant
larva. This dye is incorporated into the axon of the Mauthner cell and

retrogradely spreads through the entire cell, including its two
dendrites. We also injected magenta (in a terminal neuromast of the
posterior lateral line) and red (in a supra-orbital neuromast of
the anterior lateral line) fluorescent dextran to retrogradely label the
afferent neurons that innervate these neuromasts (Sapede et al.,
2005).

Tracing afferent neurons to the hindbrain showed that their central
organization was unaffected in #mie mutants (n=7) (Fig. 5B and see
Movie 5 in the supplementary material). In addition, the central
projections from anterior and posterior neuromast afferents extended
normally and were correctly placed along the somatotopic axis in
the hindbrain (Fig. 5A). We observed that posterior and anterior
lateral line central axons made contacts with the lateral dendrite of
the Mauthner cell at the level of the dorsal projection (Fig. 5Ba and
see Movie 5 in the supplementary material) as in wild-type controls
(data not shown). In addition, live imaging at resolutions identical
to those applied to peripheral arbors revealed no dynamic changes
in the neuron central arbors (data not shown). These results show
that the lack of evoked hair cell activity has no major impact on the
central axonal organization of lateralis neurons.

Afferent neurons cannot discriminate target
orientation in the absence of hair cell
mechanoreception

Because deafness dramatically affected peripheral arborization, we
asked whether evoked hair cell activity plays any role in the
selection of plane-polarized targets by the afferent neurons. We
scatter-labeled neurons and revealed hair cell orientation by labeling
their apical stereocilia with fluorescent phalloidin (Fig. 6A,B).
Homozygous tmie mutant fish develop hair cells with normal planar
cell polarity (Fig. 6B) (Gleason et al., 2009). In wild-type fish, 88%
of the bulged neurites associated exclusively with hair cells of a
single polarity (n=17), significantly higher than the 38% found in
tmie mutants (n=21) (Fig. 6C). In tmie mutants, 62% of bulged
neurites were associated with hair cells of both polarities, an
occurrence seen much less frequently in wild-type animals (12%).
In tmie and wild-type specimens, bulged neurites established
synapses with hair cells as revealed by the localized concentration
of Ribeye B puncta (Fig. 6D-I) (wild type, n=6; tmie, n=7).
Furthermore, several thin neurites also appeared to establish
synapses with hair cells (Fig. 6J-L).

Mechanotransmission between a hair cell and its afferent neurons
is mediated by glutamate release from the hair cell, which activates
AMPA receptors in the neurons (Bailey and Sewell, 2000). To
further probe hair cell polarity discrimination by the neurons, we
attempted a pharmacological approach using glutamate receptor
agonists and antagonists. We treated fish with CNQX (a competitive
AMPA/kainate glutamate receptor antagonist), domoic acid (a
potent agonist of AMPA/kainate glutamate receptors), kanaic acid
(an agonist of the kainate/glutamate receptor), maleate (a non-
competitive NMDA receptor antagonist) and cyclothiazide (an
allosteric inhibitor of AMPA receptor desensitization that alters
receptor gating). None of these drugs produced a phenotype in fish
that was consistent with synaptic inhibition (data not shown),
suggesting that they did not effectively impact their target in our in
vivo experimental set-up. We also tried to electrically silence
neuronal activity by expressing the inward-rectifier potassium ion
channel Kir2.1 in lateralis afferents (Hua et al., 2005). Although
Kir2.1 expression in afferent neurons did not affect their
development, it had a profound impact on neuritogenesis and also
led to late-onset neuronal degeneration (data not shown). Thus, this
approach was also unsuccessful. In spite of this, we interpret our
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identical
polarity

wt | 889% (15)

38 % (8)

Fig. 6. Afferent neurons from tmie mutants are not
opposite strict polarity selectors. (A-C) Analysis of polarity-
polarities specific innervation in HuC:mem-TdTomato-injected

B brn3c:gfp tmie mutants. (A) Maximal projection and (B)
12% (2) phalloidin staining of a neuromast innervated by a single
62 % (13) labeled afferent neuron in a tmie mutant. Arrows in A
indicate bulged neurites establishing contacts with the

results from the profoundly deaf #mie mutants as a clear indication
that evoked hair cell activity is necessary for afferent neurons to
correctly select identically oriented targets.

DISCUSSION

Previous studies have established that the stimulus polarity problem
posed by the dual planar polarization of hair cells in the lateral line
system is solved by the afferent neurons through orientation-based
selection of targets, but the mechanisms that govern the ability of the
neuron to perform this selection have remained unknown. Here, we
report a comprehensive study of the elaboration and maintenance of
afferent neuron axonal arbors and of plane-polarized target selection
using profoundly deaf zebrafish and in toto quantitative live
imaging.

Four-dimensional analysis of axonal arbors

Investigations of neuronal arborization and target selection are
motivated by an interest in the mechanisms that control sensory
circuit homeostasis, the properties of which determine the quality
of the information transfer process. The acusticolateralis sensory
systems that comprise the inner ear and lateral line in vertebrates
rely on the planar polarization of their external sensory elements,
called hair cells, for coherent information transfer. This
organization allows animals to detect and interpret the direction of
propagation of a sound. Because hair cells display their
characteristic planar polarization only within an intact epithelium,
the circuits that use this architectural property of the receptors for
sensory transduction cannot currently be studied in vitro,
necessitating in toto experimental paradigms. The generation of
transgenic animals to label neurons and target cells for
multispectral live imaging facilitates computer-assisted image
analysis. Given the complexity and inaccessibility of the
mammalian nervous system, however, animal models with simpler
circuits and accessible neurons provide an opportunity for the

hair cells. Asterisks in B indicate the innervated hair cells.
(C) The percentage of contacts established between an
afferent neuron and hair cells of identical polarity or hair
cells of two opposing polarities. The numbers in brackets
indicate the number of neuromasts (wild type, n=17;
tmie, n=21). (D-L) Immunodetection of ribbon synapses
in wild type (D-F) and tmie (G-L) fish using the Ribeye B
antibody (cyan). Bulged contacts of afferent neurons
expressing TdTomato (red) with hair cells (green) are
associated with the presence of synapses in wild type
(D-F) and tmie (G-l) fish (arrowheads indicate an example
in each case). Thin neurites can also form synapses with
hair cells as shown by the presence of Ribeye B staining
in the neuromast of a tmie mutant (J-L). The boxed area
in J is magnified in K,L. Scale bars: 10um in A,D,G,J;
5umin B.

accurate reconstruction of sensorineural circuits. Following this
rationale, we employed the lateral line of the zebrafish to better
understand the mechanisms that underlie the selection of plane-
polarized targets by sensory neurons.

We designed a strategy to acquire 4D metric data and to explore
how lateralis afferent neurons elaborate their axonal arbors and
select synaptic targets in their natural context. Several sophisticated
methods have been developed to determine neuronal arborization in
two and three dimensions, but they are usually based on custom-
made software applications that require a substantial knowledge of
programming. This has impeded their generalized use. Therefore,
we sought to build a framework to analyze neuron axonal
complexity and dynamics using a simple protocol and a
commercially available software package with which we were able
to study neuronal arbors in detail in four dimensions. Often, neural
circuits are characterized from their statistical properties by pooling
data from multiple animals and from static images. This can be
problematic when a good correspondence between individual
samples is lacking, as we have found for the neuron peripheral
arbors. Therefore, we employed 4D imaging of individual neurons
to show that they project peripheral arbors that are structurally very
diverse and that derive from active neurite production, extension and
retraction.

An additional aim of our work was to provide interactive 3D
representations of the peripheral arbors to allow the viewer to
independently assess and interpret our data from free angles. We
complement this by providing the raw data of our in vivo neuronal
measurements (see Tables S1 and S2 in the supplementary material)
that should also allow researchers to easily compare them with any
newly generated data. Finally, our strategy offers the advantage of
being easily complemented by various experimental manipulations.
It could form the bases of further studies of neuronal behavior; for
example, during chronic pharmacological treatments or during
organ growth and repair.
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Peripheral arborization is influenced by evoked
hair cell activity
What controls neuronal arborization? We found that the formation
of a coarse projection map begins with the intrinsic capacity of the
neurons to access the target areas and arborize their central and
peripheral axons. At this scale, the process appears independent of
hair cell activity because profound deafness did not affect central
somatotopy between lateral line branches, or targeting of the
Mauthner cell and the superficial neuromasts. However, at later
stages, peripheral arbors were more complex in animals that lacked
mechanoreception. Deafness also rendered neurites less persistent
and consistent. Therefore, our results indicate that the intrinsic
developmental mechanisms that underlie axonal arborization are
modulated by extrinsic cues that depend on hair cell evoked activity.
How can evoked activity affect peripheral arbor complexity and
dynamics? One possibility is that productive synaptic contacts
between hair cells and neurons decrease neuron sprouting activity
in a manner reminiscent of neuronal homeostasis (Sullivan and de
Sa, 2006; Turrigiano and Nelson, 2000). We currently do not know
the mechanisms used by hair cells to control peripheral arbor
dynamics, other than that it depends on the evoked release of
glutamate by hair cells. However, information from other systems
suggests that calcium homeostasis might be part of the process
(Schwartz et al.,, 2009). Our quantitative imaging approach
combined with the generation of tools for controlled gene expression
in hair cells and neurons will soon permit a molecular interrogation
of this process in the lateral line of the zebrafish (Scott and Baier,
2009).

Plane-polarized target selection

An important issue in the investigation of neuronal selectivity of
targets is the definition of synaptic contacts. We have previously
shown that bulged neurites demonstrate contact stability between
afferent neurons and hair cells. Here we show that bulged termini
are juxtaposed to Ribeye B clustering in hair cells. Thin neurites are
highly dynamic and show exploratory behavior, probing hair cells
to identify a target. Neurons might need to form synaptic contacts in
order to probe the peripheral target, which would require the
assembly of the ribbon synapses that depend on Ribeye B
accumulation. This might explain why we also detect some Ribeye
B puncta adjacent to the tip of several thin neurites (Fig. 6).
However, some of these exploratory synapses will disassemble if the
selection is incorrect. Bulges would form only after selections were
correct, leading to contact stabilization. The higher number of
bulged neurites that were associated with hair cells in tmie mutants
indicates that loss of hair cell activity promotes synaptic
stabilization.

Deaf animals showed an increase in peripheral arbor complexity
that we interpreted as a sign of dysregulation that could extend to
target selectivity. Previous work has ruled out a role of afferent
neurons in determining the orientation of hair cells, concluding that
afferent neurons detect hair cell polarity to form synapses only to
those with identical orientation. However, the cues that allow
neurons to recognize hair cell planar polarization have remained
unknown (Faucherre et al., 2009; Nagiel et al., 2008). How is this
selection achieved? We previously suggested that lateralis afferents
use an activity-dependent process to select targets based on their
orientation, but it remains possible that a neuron and identically
oriented hair cells are matched by an intrinsic molecular code
(Faucherre et al., 2009). Although there is no direct evidence of
molecular differences that discriminate between neurons and hair
cells of a given planar orientation, a recent report supports the

chemoaffinity hypothesis based on an apparent absence of
differences in target selectivity between normal and deaf animals
(Nagiel et al., 2009). Unambiguous identification of the contacts
made by bulged endings with hair cells is not always possible using
single focal sections. Also, static images that provide a snapshot of
a highly dynamic process cannot discriminate between transient
and stable associations between neurons and hair cells, and
characterizing neuronal behavior by pooling data from multiple
animals is prone to averaging (Nagiel et al., 2009). Our high-
resolution 3D live imaging of several individual neurons, however,
overcomes these limitations with the added advantage that the finer
details of neuronal behavior and target selectivity become evident.
By rotating the 3D renderings, we could clearly define all neurite
types and, in particular, the bulged neurites that stably associated
with hair cells. In addition to our more detailed visualization, we
independently assessed synaptic contacts by Ribeye B clustering at
ribbon synapses.

Taking into account this collective evidence, we do not favor a
chemoaffinity code mechanism for two reasons. First, chemoaffinity
assumes molecular asymmetries between hair cells of opposite
orientations and also molecular differences within the afferent
neuronal population, for which there is no evidence (Lopez-Schier
and Hudspeth, 2006). Second, if molecular coding governed
synaptic partnership, the selection of targets by the neurons should
not be altered by a lack of evoked activity. Our testing of this
hypothesis using tmie mutants and Cdh23 morphants showed that
target selectivity is disrupted by profound deafness. We interpret
these results as good evidence in support of the conclusion that
plane-polarized target selection by sensory neurons relies on evoked
hair cell activity. A likely explanation for the differing conclusions
is differences in the experimental approaches.

How would activity influence the neuron’s choice of synaptic
partners? We have previously suggested that during the early stages
of peripheral innervation, lateralis afferents have a choice between
just two targets because neuromasts first develop a single pair of hair
cells with opposite orientation (Faucherre et al., 2009). Initial
stochastic contacts between neurons and hair cells would be refined
by an activity-dependent mechanism that stabilizes a one-to-one
synaptic connection between each neuron and only one of the sibling
hair cells. Subsequently, as hair cells of opposite polarities continue
to appear sequentially and in pairs, afferents would again choose a
new target between only two possibilities. An activity-dependent
mechanism would instruct each neuron to form synapses only with
hair cells that are polarized along the same vector as the neuron’s
first target using, as a cue, their simultaneous release of glutamate.
In this scenario, peripheral axonal arbors would act as coincidence
detectors. Does this imply that there are no asymmetries in the
system? We believe that this should not necessarily be the case.
However, we hypothesize that if there were any asymmetries, these
would be activity based.

Although combinatorial molecular coding remains a possibility,
our results do not support chemoaffinity as the sole mechanism that
governs the choice of synaptic partners in the lateral line. In the
future, it would be interesting to test the impact of hair cell planar
polarity defects on neuronal behavior.
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