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Development/Plasticity/Repair

Notch Signaling Regulates the Extent of Hair Cell
Regeneration in the Zebrafish Lateral Line

Eva Y. Ma,'2 Edwin W Rubel,>*> and David W. Raible!-23
"Molecular and Cellular Biology Program, 2Department of Biological Structure, *Virginia Merrill Bloedel Hearing Research Center, *Department of
Otolaryngology—Head and Neck Surgery, and *Department of Physiology and Biophysics, University of Washington, Seattle, Washington 98195-7420

Mechanosensory hair cells within the zebrafish lateral line spontaneously regenerate after aminoglycoside-induced death. Exposure of
5-d-old larvae to 400 pm neomycin for 1 h results in death of almost all lateral line hair cells. Regeneration of new hair cells is observed by
24 h after neomycin treatment with nearly complete replacement by 72 h. Using bromodeoxyuridine incorporation, we show that the
majority of new hair cells are generated from a transient increase in support cell proliferation that occurs between 12 and 21 h after
neomycin damage. Additional observations reveal two distinct subsets of proliferating support cells within the neuromasts that differ in
position, morphology, and temporal pattern of proliferation in response to neomycin exposure. We hypothesize that proliferative hair
cell progenitors are located centrally within the neuromasts, whereas peripheral support cells may have a separate function. Expression
of Notch signaling pathway members notch3, deltaA, and atohla transcripts are all upregulated within the first 24 h after neomycin
treatment, during the time of maximum proliferation of support cells and hair cell progenitor formation. Treatment with a y-secretase
inhibitor results in excess regenerated hair cells by 48 h after neomycin-induced death but has no effect without previous damage. Excess
hair cells result from increased support cell proliferation. These results suggest a model where Notch signaling limits the number of hair

cells produced during regeneration by regulating support cell proliferation.
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Introduction

Loss of inner ear mechanosensory hair cells (HCs) from exposure
to noise or ototoxic drugs causes hearing loss and balance disor-
ders in humans (Forge and Schacht, 2000; Petit et al., 2001; Seid-
man et al., 2002; Chen and Fechter, 2003; Matsui and Cotanche,
2004). Although HC loss is irreversible in humans and other
mammals, regeneration is widespread in nonmammalian verte-
brates (Stone and Rubel, 2000; Warchol et al., 2001; Matsui et al.,
2004).

In zebrafish, Danio rerio, HCs are also found within neuro-
masts of the lateral line, superficial sensory organs that detect
differential water movements (Montgomery et al., 2000). Each
neuromast contains a cluster of HCs surrounded by nonsensory
supporting cells (Metcalfe et al., 1985; Raible and Kruse, 2000;
Gompel et al., 2001). Lateral line HCs share structural, func-
tional, and molecular similarities with those in the inner ear
(Whitfield, 2002; Nicolson, 2005). Similarly, they are hypersen-
sitive to damage from ototoxic drugs such as aminoglycosides
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and antineoplastic drugs (Song et al., 1995; Williams and Holder,
2000; Harris et al., 2003; Murakami et al., 2003; Ton and Parng,
2005; Santos et al., 2006; Ou et al., 2007; Owens et al., 2007) as
well as agents such as copper (Hernandez et al., 2006, 2007; Linbo
et al., 2006). Regeneration of lateral line HCs have been studied
after laser ablation in axolotls (Balak et al., 1990; Jones and Cor-
win, 1996) and aminoglycoside or copper treatments in fish
(Song et al., 1995; Williams and Holder, 2000; Harris et al., 2003;
Lopez-Schier and Hudspeth, 2006; Hernandez et al., 2007).

In the avian inner ear and the axolotl lateral line, support cells
(SCs) proliferate after HC damage to renew both HCs and SCs
(Girod etal., 1989; Raphael, 1992; Hashino and Salvi, 1993; Stone
and Cotanche, 1994; Jones and Corwin, 1996). Support cells have
also been shown to directly convert into new HCs (Roberson and
Rubel, 1994; Baird et al., 1996; Steyger et al., 1997; Roberson et al.,
2004; Taylor and Forge, 2005). These studies suggest that signal-
ing interactions between HCs and SCs regulate proliferation and
differentiation of new replacement cells.

The Notch signaling pathway is well established as regulating
interactions among cells in many developing systems, including
HC and SC fate determination (Haddon et al., 1998a; Lanford et
al., 1999; Zheng et al., 2000; Zine et al., 2000, 2001; Itoh and
Chitnis, 2001; Kiernan et al., 2001; Kiernan et al., 2005; Takeba-
yashi et al., 2007). Expression of Notch signaling components are
also upregulated during regeneration in the avian ear (Stone and
Rubel, 1999; Cafaro et al., 2007). These studies suggest that Notch
signals would be good candidates for regulators of HC
regeneration.
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In this paper, we analyze HC regeneration and SC prolifera-
tion in the zebrafish lateral line after neomycin-induced death.
We also investigate Notch signaling and discover its function in
limiting SC proliferation during regeneration. In contrast, dis-
ruption of Notch signaling without previous damage does not
initiate the production of HCs, suggesting that some other signal
maintains SCs in a quiescent state.

Materials and Methods

Zebrafish maintenance and neomycin treatments. Adult wild-type AB ze-
brafish were maintained at 28.5°C as described by Westerfield (1994).
Embryos were produced by paired matings and raised in embryo media
(EM; 1 mm MgSO,, 120 um KH,PO,, 74 um Na,HPO,, 1 mm CaCl,, 500
uMKCl, 15 um NaCl, and 500 um NaHCO; in dH,0O) at 28.5°C. Embryos
and larvae were maintained at a density of 50—60 per 100 mm? dish.
Beginning at 4 d postfertilization (dpf), larvae were fed live paramecia as
well as dry plant food. Histone-2az-green fluorescent protein (H2AZ-
GFP) transgenic zebrafish (Pauls et al., 2001) were obtained from the
Zebrafish International Resource Center (Eugene, OR) [Tg(h2afv:GFP)]
and used for imaging experiments to visualize cell nuclei. The University
of Washington Institutional Animal Care and Use Committee approved
all animal procedures.

Neomycin treatments were performed on 5-6 dpf larvae because of
the relative insensitivity of zebrafish to neomycin before 5 dpf (Mu-
rakami et al., 2003; Santos et al., 2006). Neomycin sulfate, acquired as a
10 mg/ml stock solution in dH,O (Sigma, St. Louis, MO), was diluted in
EM to a final concentration of 400 uM. Free-swimming larvae were trans-
ferred into the 400 M neomycin solution for 1 h, rinsed three times, and
allowed to recover in fresh EM at 28.5°C (Harris et al., 2003; Murakami et
al.,, 2003; Santos et al., 2006). Sibling fish were mock-treated by transfer-
ring into neomycin-free EM and served as controls.

Hair cell labeling and immunohistochemistry. Functional mechano-
transducing HCs were labeled with the vital dye FM1-43FX (Molecular
Probes, Eugene, OR), a fixable version of FM1-43 [N-(3-triethyl-
ammoniumpropyl)-4-(4-(dibutylamino)-styryl) ~pyridinium dibro-
mide]. The ability of this dye to be retained in HCs after fixation facili-
tates the counting process. Larvae were placed in EM containing 3 um
FM1-43FX for 30 s and rinsed three times in fresh EM (Seiler and Nicol-
son, 1999). Fish were then anesthetized with 0.02% Tricaine (MS-222;
Sigma) and fixed in 4% paraformaldehyde (PFA) in PBS, pH 7.2, for 2 h
at room temperature (RT) or overnight at 4°C. After fixation, samples
were washed three times with PBST (PBS/0.1% Triton X-100) and stored
in 50% glycerol/PBS at 4°C before visualization.

Rabbit anti-myosin-VI (1:500; Proteus Biosciences, Ramona, CA)
(Hasson and Mooseker, 1994; Hasson et al., 1997; Coffin et al., 2007),
mouse anti-HCS-1 (hair cell-specific antigen; 1:200; a gift from Jeff Cor-
win; University of Virginia, Charlottesville, VA) (Gale et al., 2002), and
mouse anti-acetylated tubulin (1:1000; Sigma) (Raible and Kruse, 2000;
Harris et al., 2003) immunohistochemistry were also used to visualize
lateral line HCs. After three washes of PBST for 20 min each, larvae were
washed in distilled water for 30 min. Samples were then placed in block
solution [1% bovine serum albumin, 1% dimethyl sufoxide (DMSO),
and 0.02% sodium azide in PBST] containing 5% normal goat serum for
1 h before primary antibody incubation overnight at 4°C. After three
washes in PBST for 20 min each, samples were incubated with either
Alexa 488-conjugated goat anti-rabbit or anti-mouse secondary antibod-
ies (1:500; Invitrogen, Eugene, OR) for 5 h at RT or overnight at 4°C. Fish
were washed three times in PBST before storing at 4°C in 50%
glycerol/PBS.

Cell proliferation assays. Larvae were incubated in EM containing 10
mm bromodeoxyuridine (BrdU; Sigma) with 1% DMSO for 1 h at
28.5°C. Animals were then rinsed and either immediately anesthetized
and fixed (pulse-fix) or allowed to recover for an extended period of time
in fresh EM (pulse-chase). For continuous BrdU experiments, larvae
were immediately transferred into the 10 mm BrdU solution after the 1 h
neomycin (or mock) treatment. Fish were then fixed in 4% PFA for 2 h at
RT or overnight at 4°C, washed several times in PBST, and stored at 4°C
before being processed for immunohistochemistry.
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BrdU immunohistochemistry procedures mainly followed those de-
scribed by Harris et al. (2003) with a few modifications. Fixed samples
were washed three times in PBDT (PBS, 1% DMSO, and 0.1% Tween 20)
and dehydrated in 100% methanol for 1 h at —20°C. Samples were then
rehydrated in a graded methanol series (75%, 50%, 25%; 20 min each),
washed in PBDT, and incubated in 10 pug/ml proteinase K (in PBDT) for
20 min at RT. After rinsing three times in PBDT (5 min each), samples
were refixed in 4% PFA solution for 20 min, washed again in PBDT (20
min), and incubated in 1N hydrochloric acid (in PBDT) for 1 h. After
three more rinses in PBDT, samples were incubated in 10% block solu-
tion (10% normal goat serum in PBDT) for 1 h at RT before primary and
secondary antibody incubation per immunohistochemistry protocol.
Mouse anti-BrdU (BD PharMingen, San Jose, CA) and rat anti-BrdU
(Abcam, Cambridge, MA) primary antibodies were both used at 1:100
dilution in 10% block, and Alexa 568-conjugated goat anti-mouse or
anti-rat (Invitrogen) were used at 1:500 dilution (in 10% block) as sec-
ondary antibodies, respectively. To visualize the neuromasts under fluo-
rescence, fish were counterstained with the pan-nuclear dye SYTOX
Green (1:10,000 in PBST; Invitrogen) for 5 min, followed by several
washes of PBST before storing in 50% glycerol/PBS and imaging.

For visualizing HCs concurrently with the BrdU label, samples were
first immunostained for myosin-VI or acetylated tubulin as described
previously. After the secondary antibody incubation, larvae were washed
three times in PBST and refixed in 4% PFA for 20 min before proceeding
with the BrdU immunohistochemistry protocol.

To detect cells in M-phase, rabbit anti-phosphohistone (H3) (1:200;
Upstate Biotechnolgy, Lake Placid, NY) was used as a second marker for
proliferating cells. Whole mount immunohistochemistry was performed
as described previously.

Whole mount RNA in situ hybridization. Whole mount RNA in situ
hybridization was performed at 65°C following standard protocol (Grant
etal., 2005). Samples were fixed in 4% PFA for 3h at RT or 1 hat RT and
overnight at 4°C. After rinsing several times in PBS/0.1% Tween 20,
samples were dehydrated in 100% methanol and stored at —20°C for up
to several months. Larvae were rehydrated in a graded methanol series
(66%, 33%) for 5 min in each concentration and incubated in 10 ug/ml
proteinase K (in PBS/0.1% Tween 20) for 10 min at 37°C. Fluorescent in
situ hybridization (FISH) was performed at 55°C as published previously
(Julich et al., 2005), followed by myosin-VI immunostaining and coun-
terstaining with 4',6’-diamidino-2-phenylindole (DAPI) (Invitrogen).
Plasmids were cut and transcribed with the following for generating
antisense digoxigenin-labeled RNA probes: Pmel/T7 for atohla (a gift
from Bruce Riley, Texas A&M University, College Station, TX) (Milli-
maki et al., 2007); Sall/T7 for notch3 (clone NAA32G11; Open Biosys-
tems, Huntsville, AL); Xbal/T7 for notchla (a gift from Jose Campos-
Ortega; University of Cologne, Cologne, Germany) (Bierkamp and
Campos-Ortega, 1993); Smal/T3 for notchlb [cDNA in pBS-SK plasmid
(Addgene, Cambridge, MA)] (Kortschak et al., 2001); EcoRI/T7 for
deltaA and deltaD (a gift from Bruce Appel, Vanderbilt University, Nash-
ville, TN) (Haddon et al., 1998b); Apal/Sp6 for jaggedla; EcoRV/Sp6 for
jaggedlb; and Spel/T7 for jagged2 (all jagged plasmids were gifts from
Natasha Tiso, University of Padua, Padua, Italy) (Zecchin et al., 2005).

Notch inhibitor studies. Downstream Notch signaling was inhibited
using the pharmacological inhibitor DAPT (N-[N-(3,5-difluoro-
phenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester), which blocks
y-secretase activity (Geling et al., 2002). Solid DAPT (Calbiochem, La
Jolla, CA) was reconstituted in DMSO to make a stock concentration of
10 mM and diluted in EM to achieve its final concentration. We per-
formed a dose—response analysis on HC regeneration (supplemental Fig.
S1, available at www.jneurosci.org as supplemental material) and estab-
lished that optimal results were yielded using higher concentrations of
DAPT (Gelingetal., 2002). Al DAPT results reported here were obtained
with 50 um DAPT, with 0.5% DMSO in EM serving as vehicle control
unless otherwise noted. After neomycin or mock treatment for 1 h, larvae
were rinsed in fresh EM and immediately transferred into the 50 um
DAPT solution or the 0.5% DMSO solution.

For BrdU pulse-fix studies, animals were removed from the DAPT or
DMSO-alone solutions, rinsed, and placed in the 10 mm BrdU solution
for 1 h before anesthesia and fixation. For continuous BrdU incorpora-
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E tion experiments, larvae were incubated in a so-
lution containing 10 mm BrdU and 1% DMSO
in EM, with or without 50 um DAPT.
% 120% - Imaging and data analysis. Labeled HCs and
SCs were counted under epifluorescent illumi-
115 0 Control . i0n using a 40X objective on a Zeiss (Thorn-
80% - B Neo wood, NY) Axioplan 2 microscope. Samples
stained by in situ hybridization were observed
under bright-field illumination on the same sys-
tem. Bright-field images were taken with the
SlideBook application (SciTech, Preston, Aus-
20% tralia) and processed with Adobe Photoshop 7.0
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(I04), mandibular (M2), middle (MI1, MI2),
20% and opercular (OP1) lateral lines around the
0% L head where indicated (Raible and Kruse, 2000).
> 24 48 72 2 24 48 72 Neuromasts from 4 to 10 fish were counted for
each condition. Data were graphed in Microsoft
Control 400 M Neomycin (Redmond, WA) Excel as either average cell
Hours after neomycin or mock treatment numbers per neuromast per fish, or normalized
to the control for each specific neuromast and
graphed as percentages. Where appropriate, t
W BrdU +  tests and ANOVA (one- and two-way) were
R 2 ~085 Iy I el ! used to calculate significance (a = 0.05).
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Results

Lateral line hair cell regeneration after
neomycin-induced death

To visualize and image all cells within the
neuromasts, we used the H2AZ-GFP trans-
I*I genic zebrafish (Pauls et al., 2001) that ex-
0 ; ] . - 0 : : presses GFP in all cell nuclei. Mature HCs
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1999; Gale et al., 2001; Meyers et al., 2003;
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larvae at 5 dpf exhibited organized, cen-
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g dpf zebrafish larvae with 400 uM neomycin

< ' for 1 h to kill mature HCs (Fig. 1 B). After
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trally within the neuromast by 24 h (Fig.

140%

C—
(=]
(=]
2

60%

40%

% FM1-43FX+ hair c

% Labeled hair cells

n
o
NM I
N
=]

-k
wm
L

(N

o
Y
Myo6+ hair cells per

-y
o
1

)]
(9]
L

Myo6+ hair cells

y=0.90x+1.5

Regenerated size (72 hr) @

Control 24 hr
BrdU Myosin VI

Figure 1.  Hair cell regeneration in the zebrafish lateral line after neomycin-induced death. A-D, Confocal maximum projec-
tions of representative neuromasts of H2AZ-GFP transgenic zebrafish. GFP (green) was expressed in all nuclei, whereas mature
HCs were labeled with FM1—43FX (red). Scale bar, 20 m. Larvae 5 dpf (A) were treated with 400 rum neomycin (Neo) for Th (B)
to kil HCs, rinsed, and left to recover. New HCs were observed at 24 h () and increased in number by 48 h (D). E, Graph of HC
regeneration as seen with FM1—43FX. Results are graphed as mean percentages of HCs (= 1 SEM) normalized to the controlat  both BrdU (red) and myosin-VI (green) (I-L). H, Stacked graph
5 dpf. n = 6 fish per condition, 7 neuromasts per fish; p << 0.001 (ANOVA). F, Graph of HC regeneration assayed with myosin VI of mean (=1 SEM) myosin-VI-labeled HCs per neuromast ei-
and HCS-1 antibodies. Fish were concurrently labeled and counted for both HC markers. Results are normalized to 5 dpf controls  ther colabeled with BrdU (red) or BrdU-negative (green).n =
for each neuromast for the specific marker. Error bars represent =1 SEM (n = 6 fish per condition, 7 neuromasts per fish). G, 4fish per condition, 3 neuromasts per fish. /I-L, Confocal max-
Number of regenerated HCs correlates with the original size of the neuromast. Mean HC numbers (=1 SEM) for seven neuro-  imum projections of representative neuromasts continuously
masts, as labeled with myosin-VI, at 72 h after neomycin exposure are plotted relative to the 5 dpf control siblings. The line of best  exposed to BrdU, collected at 24 and 48 h after initial neomycin
fit and correlation coefficient was calculated and drawn. H-L, New HCs mainly originate from proliferative progenitors. Contin-  exposure. BrdU-positive (asterisks) and BrdU-negative (ar-
uous exposure to BrdU after neomycin exposure was used to label all proliferating cells and their progeny. Fish were colabeled for  rowheads) HCs were observed. Scale bar, 10 wm.
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Figure 2.  Support cell proliferation temporarily increases after neomycin exposure. 4, Ex-

perimental protocol for BrdU pulse-fix time course. Larvae were pulsed with 10 mm BrdU for 1h
before fixing. B, €, Time course graphs of SC proliferation showing neuromast cells in S-phase
(B) as assayed with BrdU pulse fix, and M-phase (C) as seen with anti-phosphohistone (H3)
antibody labeling. A significant transient increase in proliferation occurring after neomycin
exposure was seen with both proliferation markers (ANOVA; p << 0.001). Error bars represent
== 1SEM (n = 10fish per condition; 7 neuromasts per fish). D, Schematic showing the internal
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1C) and increased in numbers by 48 h (Fig. 1 D) (Harris et al.,
2003).

To quantify changes in HC numbers, seven identified neuro-
masts of six fish were counted per condition and time. Data were
normalized to 5 dpf controls for each neuromast to compensate
for size differences, averaged, and graphed in Figure 1 E. Actual
mean HC numbers are listed in supplemental Table S1 (available
at www.jneurosci.org as supplemental material). After neomycin
treatment (2 h), only one or two HCs remained per neuromast
(supplemental Table S1, available at www.jneurosci.org as sup-
plemental material), representing 6% of the initial HCs in 5 dpf
controls (Fig. 1E). These persisting HCs were likely immature
HCs resistant to neomycin (Harris et al., 2003; Murakami et al.,
2003; Santos et al., 2006). Regeneration of lateral line HCs was
rapid, with one-third of the initial HC population renewed by
24 h, and almost 80% renewal by 48 h after neomycin treatment
(Fig. 1 E). Complete regeneration of the initial 5 dpf HC popula-
tion was observed by 72 h, although there were still slightly fewer
HCs than their respective 72 h control siblings (Fig. 1E). In
mock-treated controls, a small increase in FM1-43FX hair cells
was observed in the first 48 h, probably because of the develop-
mental addition or maturation of HCs as the fish ages. Analysis of
these data with two-way ANOVA revealed significant main ef-
fects of time and treatment (control vs neomycin exposure) and a
significant interaction effect ( p < 0.001).

We also assessed regeneration with the antibody-based HC
markers myosin-VI (Hasson and Mooseker, 1994; Hasson et al.,
1997; Coffin et al., 2007) and HCS-1 (Gale et al., 2000; Lopez-
Schier and Hudspeth, 2006). Hair cells were concurrently immu-
nostained and counted for both markers. Data were normalized
and graphed in Figure 1 F, with mean HC numbers listed in sup-
plemental Table S2 (available at www.jneurosci.org as supple-
mental material). Control animals showed similar HC numbers
within the neuromasts for both myosin-VI and HCS-1, with one
or two fewer cells consistently observed with HCS-1 (supplemen-
tal Table S2, available at www.jneurosci.org as supplemental ma-
terial). These HC numbers were also comparable with those iden-
tified by FM1-43FX vital dye labeling (compare supplemental
Tables S1 and S2, available at www.jneurosci.org as supplemental
material). A higher percentage of HCs labeled with myosin-VI
(15%) and HCS-1 (18%) persisted after neomycin treatment
compared with those labeled with FM1-43FX (6%) (Fig. 1 E, F).
One explanation for this difference is that myosin-VI and HCS-1
are expressed in young HCs before they are able to take up FM1—
43FX; hence, more labeled immature HCs persist after neomycin
treatment. This idea is consistent with the more rapid rate of
regeneration observed with these antibodies. By 24 h, ~53%
myosin-VI-labeled HCs had regenerated, whereas HCS-1

<«

(yellow) and peripheral (green) SCsubpopulations within a representative neuromast. The schematic
was drawn from the confocal image on the right, a neuromast labeled with 1 h of BrdU (red) at 15 h
after neomycin treatment and counterstained with SYTOX (green). E, BrdU pulse-fix time course
graph of SCproliferation after mock (blue, circle) or neomycin (red, triangle) treatment, subdivided as
internal (solid lines, solid shape) or peripheral (dotted lines, open shape) based on neuromast cell
position. Error bars represent =1 SEM (n = 10 fish per condition; 3 neuromasts per fish). F-H,
Confocal maximum projections of representative neuromasts at 17 h after mock treatment (F) or
neomycin exposure (Post-Neo) (G) incubated with BrdU (1 h) before fixing. A subset of the neomycin-
treated BrdU-pulsed fish were then rinsed and left to recover in fresh EM for an additional 31 h (48 h
time point) (H). Immunohistochemistry was performed for both BrdU (red) and acetylated tubulin
(green), another HC marker. BrdU label was present in a subset of HCs (asterisks) after additional
recovery (H), indicating that these new HCs were generated from proliferating SCs at 17 h after
neomycin exposure. Scale bar, 20 pm.



Ma et al. e Notch Regulates Zebrafish Hair Cell Regeneration

showed HC renewal at 44% (Fig. 1F). By 48 h, both markers
showed near complete regeneration (90%) with full renewal by
72 h (Fig. 1F).

The number of HCs restored by regeneration correlates with
the initial size of the neuromast before neomycin treatment. Dif-
ferent identified neuromasts vary in HC number, ranging from a
mean of 8.33 HCs in the I04 neuromast to 15.17 HCs in the OP1
neuromast as seen with myosin-VI at 5 dpf (supplemental Table
S2, available at www.jneurosci.org as supplemental material).
When HCs regenerate, initially larger neuromasts generate more
cells than smaller neuromasts (Fig. 1G). This observation sug-
gests that mechanisms persist in the epithelium following loss of
HCs to regulate the number of regenerating HCs. Where this
information lies continues to be a mystery.

New hair cells primarily arise from proliferating cells

To study the origin of the regenerated HCs, we continuously
incubated larvae in 10 mm BrdU for extended times under con-
trol conditions or after neomycin treatment. This method would
incorporate BrdU into all dividing cells, and the BrdU label
would persist in the progeny. Subsequent immunohistochemis-
try with myosin-VI and BrdU antibodies were performed to de-
tect both HCs and the BrdU. Myosin-VI-positive HCs were ana-
lyzed for BrdU colabeling and counted from confocal stacks of
three neuromasts (MI1, O1, and OP1) in four fish per time and
condition. Figure 1 H shows average HC numbers per neuromast,
where the two colors depict BrdU labeling, and the bar heights
represent the total number of HCs present.

BrdU labeling of mock-treated control animals suggests that
there is a slow mitotic addition of new HCs in larvae under nor-
mal conditions (Fig. 1 H). Initially, HCs in control larvae were not
labeled with BrdU. After 23 h of continuous BrdU incorporation
(24 h time point), an occasional BrdU-positive HC was some-
times observed (Fig. 1 H,I), whereas by 48 h, approximately two
HCs per neuromast were labeled with BrdU (Fig. 1H,J). The
addition of new HCs to neuromasts might represent the final
stages of neuromast maturation. However, because we do not see
an increase in overall HC number over the time of the experi-
ment, we hypothesize that BrdU-positive HCs represent contin-
uous mitotic HC replacement, a process that occurs in sensory
epithelia of several species, including zebrafish neuromasts (Cor-
win, 1985; Weisleder and Rubel, 1993; Williams and Holder,
2000).

During regeneration, most replacement HCs are generated
from proliferative cells that have incorporated BrdU (Fig.
1H,K,L). At 24 h after neomycin treatment, approximately half
of the HCs present in the neuromast were colabeled with BrdU
(Fig. 1H). By 48 h, BrdU-labeled HCs had increased to 70% of the
total number of HCs (Fig. 1H). In addition, we also observed
approximately three to five HCs in the regenerating neuromasts
that had not incorporated BrdU at 2, 24, and 48 h after neomycin
exposure, with no significant change over time (ANOVA; p >
0.5). These cells likely represent immature HCs not killed by
neomycin (Murakami et al., 2003; Santos et al., 2006), as well as
new HCs added from postmitotic HC precursors at later times.
Because the contribution of BrdU-negative cells to the regenera-
tion response is small, direct phenotypic conversion of SCs to
HC:s is unlikely occurring in the zebrafish lateral line; however,
the possibility cannot be ruled out completely.

Support cell proliferation increases during regeneration
Because new HCs are generated primarily from mitotic events,
we characterized SC proliferation and analyzed its timing during
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HC regeneration. Previous work had shown an increase in BrdU-
labeled cells at 12 h after neomycin damage with a subsequent
decrease by 24 h (Harris et al., 2003). Thus, we decided to focus
on the time between 12 and 24 h to detail the pattern of prolifer-
ation. We exposed larvae to 10 mm BrdU to label S-phase cells for
1 h before collecting and fixing every 3 h as schematized in Figure
2 A. BrdU-positive cells were counted and averaged in seven neu-
romasts for each of 10 fish per time and condition. The mean
number of cells per neuromast is graphed in Figure 2 B.

Control sibling larvae exhibited a low level of BrdU-positive
cells over time (Fig. 2 B), consistent with both the slow addition of
HCs because of growth of the neuromasts and possible normal
turnover of HCs. After neomycin exposure, a significant increase
in BrdU-labeled SCs is observed between 12 and 21 h after initial
treatment (ANOVA; p < 0.001) (Fig. 2 B). An elevated number of
proliferating SCs was observed at 12 h, which further increased
and peaked at 15-18 h, followed by a decrease by 21 h. By 24 h
after neomycin treatment, the number of SCs in S-phase had
returned to control levels.

To evaluate cells in M-phase, larvae from control or
neomycin-treated groups were collected between 12 and 27 h
after treatment and immunostained with the phosphohistone
(H3) antibody. Results are graphed in Figure 2C. Cells labeled
with H3 were rare in both groups, with only an occasional labeled
cell observed per neuromast (Fig. 2C). However, a significant
increase was observed in H3-labeled SCs at ~18-21 h after neo-
mycin exposure (ANOVA; p < 0.001). These data suggest that
cells enter M-phase between 3 and 6 h after S-phase and confirm
the transient increase of SC proliferation that occurs after
neomycin-induced HC death.

Two separate subpopulations of support cells exist within
the neuromast
We next sought to determine whether SCs in different positions
within the neuromast had altered rates of proliferation. With the
aid of the SYTOX nuclear counterstain, BrdU-positive cells in
three neuromasts (MI1, O1, and OP1) were subdivided as either
internal or peripheral SCs based on their position within the
neuromast (Fig. 2D) (Jones and Corwin, 1993; Williams and
Holder, 2000). Internal SCs are centrally located within the neu-
romast, whereas peripheral SCs lie along the periphery. We des-
ignated the peripheral SC subpopulation to include the outer-
most layer of cells of the neuromast, as well as ~2-3 cell layers
past the neuromast border, where many BrdU-positive cells were
often observed during regeneration (Fig. 2D). The majority of
the BrdU-labeled peripheral SCs also exhibited elongated nuclei,
a characteristic not observed with the internal SCs (Fig. 2 D, F,G).
Cell counts were averaged and graphed in Figure 2 E.
Interestingly, analysis of the two subpopulations revealed dif-
ferent temporal patterns of proliferation after neomycin expo-
sure, although only slight variations were observed under control
conditions. In mock-treated control siblings, the internal BrdU-
positive cells revealed a small but reliable decrease over time
(ANOVA; p < 0.001), whereas no significant change is observed
in peripheral SC proliferation (ANOVA; p > 0.5) (Fig. 2E). Two-
way ANOVA analysis showed no statistical significance between
these two SC subpopulations in control animals ( p > 0.1).
After neomycin-induced HC death, increases in proliferation
were observed in both internal and peripheral SCs startingat 12 h
after neomycin exposure (Fig. 2E). A strong peak at 15 h was
observed in the BrdU-labeled internal SCs followed by a decrease
by 21-24 h back to control levels. Peripheral SC proliferation also
increased, although more variation in numbers of BrdU-positive
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Figure3.  Expression of atoh7a, notch3, and deltaA are elevated in neuromasts during HC regeneration. Whole-mount RNA in situ hybridizations were performed to assess atoh7a (A-F), notch3
(G-L), and deltaA (M, N) expression within regenerating neuromasts. A—R, Bright-field images of representative 01 neuromasts are shown. In sibling mock-treated controls, moderate levels of
atohTa (A, B) and notch3 (G, H) were observed at 5 dpf (12 h) and decreased over time. Little de/taA expression (M, N) was detected, which also decreased slightly with time. During HC regeneration,
all three transcripts were upregulated between 12 and 24 h (C-E, I-K, 0-Q), correlating with the peak of SC proliferation. Expression returned to control levels by 48 h (F, L, R). FISHs of notch3 (S,
T) and deltaA (U, V) were performed on regenerating neuromasts 17 h after neomycin treatment to evaluate expression localization. Samples were immunostained with myosin-VI to label HCs
(green) and counterstained with DAPI (blue) to visualize cell nuclei. Confocal images of a surface view projection (S, U) and an optical section (T, U) are shown for representative neuromasts. Both
notch3 and deltaA were not expressed in HCs (S—V). notch3 was mainly expressed throughout the internal SCs, with little to no expression in the peripheral cells (S, T). Expression of deltaA was
localized in a few cells adjacent to the HCs within the internal SC population (U, V), which we hypothesize to be HC precursors. Scale bar, 10 m.

cells was observed. This increase remained elevated over 12-21h  the interaction effect between SC subpopulation proliferation and
and decreased to control levels by 24 h (Fig. 2E). Based on two-  time was also significant ( p < 0.01), indicating that the internal and
way ANOVA, a main effect of time ( p < 0.001) and subpopula-  peripheral subpopulations of SCs possess distinct proliferation pat-
tion ( p < 0.05) was found to be significant. More importantly,  terns, suggesting possibly that they may have separate functions.
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Support cell proliferation gives rise to new hair cells

Because we determined that the majority of new HCs were mi-
totically generated, we wanted to verify that the transient increase
in SC proliferation before 24 h was responsible for the generation
of new replacement HCs seen at 48 h after neomycin treatment.
We labeled cells with 10 mm BrdU for 1 h at 16 h after neomycin
exposure during the peak of SC proliferation (Fig. 2B,E). The
BrdU was washed out, and the fish were left to recover for an
additional 31 h (48 h after neomycin exposure). Larvae were
collected and fixed both immediately after the 1 h BrdU pulse
(Fig. 2F, G) and after recovery at 48 h after neomycin treatment
(Fig. 2 H). Samples were immunostained for acetylated tubulin in
addition to BrdU to label HCs and the neuromast border (Raible
and Kruse, 2000).

Figure 2, F and G, shows neuromasts of control and
neomycin-treated larvae fixed immediately after the 1 h BrdU
pulse. An increased number of BrdU-labeled SCs, internal and
peripheral, were present at 17 h after neomycin exposure (Fig.
2G) compared with the control (Fig. 2F). After 31 h of recovery,
the BrdU label was detected in a subset of HCs as seen in Figure
2 H. These data are consistent with the pulse-chase experiment
performed by Harris et al. (2003) and verify that new HCs arise
from the transient increase in SC proliferation.

notch3, deltaA, and atohla expression are elevated during
regeneration

During lateral line and inner ear development, Notch signaling
through lateral inhibition blocks HC specification by inhibiting
expression of atonal homologs (Lanford et al., 1999), basic helix-
loop-helix transcription factors necessary for HC differentiation
(Bermingham et al., 1999; Zheng and Gao, 2000; Chen et al.,
2002). Notch signaling has also been suggested to regulate prolif-
eration of precursor cells in the developing mammalian inner ear
(Kiernan et al., 2005; Takebayashi et al., 2007), and Notch signal-
ing components had been observed to be upregulated during
regeneration in avian auditory and vestibular epithelia (Stone
and Rubel, 1999).

We performed whole-mount RNA in situ hybridization to
evaluate the expression of notch3, deltaA, and atohla during re-
generation at 12, 16, 24, and 48 h after neomycin treatment along
with their sibling mock-treated control fish. These notch signal-
ing components are expressed in developing neuromasts and are
known to correlate with selection of HC fate (Itoh and Chitnis,
2001; Millimaki et al., 2007). Developing lateral line HCs also
express the notch ligands deltaB and deltaC, which we did not
investigate in this study (Smithers et al., 2000; Itoh and Chitnis,
2001).

Lateral line HC precursors express atohla before differentia-
tion (Itoh and Chitnis, 2001). In the mock-treated controls at 5
dpf (Control 12 h), atohla was expressed centrally within the
neuromasts (Fig. 3A). By 7 dpf (Control 48 h), atohla expression
had decreased to lower levels (Fig. 3B). Because HCs are contin-
uously replaced thereafter in neuromasts, the presence of a few
atohla-positive HC precursors is expected. The higher atohla
expression at 5 dpf is most likely caused by developmental HC
addition and maturation still occurring at that age (Fig. 1 E). After
neomycin treatment, atohla expression was highly upregulated
within the first 24 h (Fig. 3C-E). This observation is consistent
with the generation of new HC precursors to replace the lost HCs
(Fig. 3C—E). By 48 h, atohla expression had decreased to control
levels (Fig. 3B, F).

Expression of notch3 has been correlated with SC fate during
lateral line development (Itoh and Chitnis, 2001). We observed
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moderate levels of notch3 in the 5 dpf controls, which often ex-
hibited a pattern of two patches on opposite sides within the
neuromast (Fig. 3G). This expression was still present by 48 h but
had decreased to lower levels (Fig. 3H ). After neomycin-induced
HC death, notch3 transcript expression was highly elevated at
12-24 h (Fig. 3I-K). By 48 h after initial neomycin treatment,
expression of notch3 had decreased to the level of the control
larvae at the same age (Fig. 3L).

Changes in deltaA expression levels during regeneration cor-
related with the increase in SC proliferation. In mock-treated
control larvae, little deltaA expression was observed in 5 dpf neu-
romasts (Fig.3M). This low level decreased slightly over time with
little to no deltaA observed by 48 h, at the most a single cell is
labeled (Fig. 3N). After the addition of neomycin, deltaA tran-
scripts were upregulated at 12-24 h (Fig. 30-Q), with the highest
levels observed between 12 and 16 h after treatment. This expres-
sion pattern appears to be highly correlated to the transient in-
crease in SC proliferation that occurs during that time (Fig.
2B, D). Expression of deltaA had returned to around control lev-
els by 48 h (Fig. 3R).

To further investigate expression localization of the Notch
pathway components, we performed fluorescent in situ hybrid-
izations for notch3 and deltaA in neomycin-treated larvae during
peak SC proliferation (17 h after neomycin) (Fig. 2B, D). Hair
cells were immunostained with myosin-VI, and cell nuclei were
labeled with DAPI. Both notch3 and deltaA do not colocalize with
myosin-VI and, hence, are not expressed in HCs (Fig. 35-V).
notch3 was mainly expressed throughout the internal SCs, with
little to no expression in the peripheral cells (Fig. 3S,T). Expres-
sion of deltaA was localized in a few cells directly adjacent to the
HCs within the internal SC population (Fig. 3U,V). Because
deltaA is progressively restricted to cells obtaining an HC fate
during lateral line development (Itoh and Chitnis, 2001), we hy-
pothesize that these cells expressing deltaA are HC precursors.

We also investigated expression of two other receptors
(notchla, notchlb) and four ligands (deltaD, jaggedla, jaggedlb,
jagged?2), some of which are expressed in the developing zebrafish
ear, but which expression in neuromasts have not been reported
(Haddon et al., 1998a; Zecchin et al., 2005). The three jagged
ligand genes, jaggedla, jagged1b, and jagged2, were not expressed
in neuromasts 5-7 dpfboth with and without neomycin exposure
(data not shown). No expression of notchla, notchlb, and deltaD
was observed in neuromasts of 5 dpflarvae under control condi-
tions (supplemental Fig. S2A,F,K, available at www.jneurosci.
org as supplemental material). However, all three transcripts
were upregulated at 12-16 h after neomycin treatment (supple-
mental Fig. S2B,C,G, H, L,M, available at www.jneurosci.org as
supplemental material). Expression decreased by 24 h. Little
notchla expression was observed, and notch1b was nearly unde-
tectable (supplemental Fig. S2D, I, available at www.jneurosci.
org as supplemental material). Expression of deltaD had de-
creased to low levels and was still present in a cell or two (supple-
mental Fig. S2N, available at www.jneurosci.org as supplemental
material). By 48 h, no expression was observed with all three
transcripts (supplemental Fig. S2E,J,O, available at www.
jneurosci.org as supplemental material), same as the control
(supplemental Fig. S2A, F,K, available at www.jneurosci.org as
supplemental material).

Notch inhibition results in excess regenerated hair cells

To evaluate the role of Notch signaling in zebrafish HC regener-
ation, we used the y-secretase inhibitor DAPT to block the Notch
pathway. DAPT prevents Notch receptor cleavage and subse-
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VI-positive HC counts for three neuro-
masts (MI1, M2, and OP1) in four fish per
time and condition are graphed in Figure
4F. In mock-treated controls, no signifi-
cant differences in HC numbers were seen
with the presence of DAPT compared with
the vehicle control for both BrdU-positive
(ANOVA; p > 0.05) and BrdU-negative
(ANOVA; p > 0.1) HCs (Fig. 4B,C,F).
With neomycin exposure, differences
in BrdU-labeled HC numbers between DAPT- and DMSO-
treated fish were not significant at 24 h (p > 0.1) (Fig. 4D).
However, by 48 h with DAPT, the number of BrdU-positive HCs
had increased to more than twice that of its respective vehicle
control ( p < 0.001) (Fig. 4 D—F). Because myosin-VI expression
is an earlier marker of HC regeneration than FM1-43FX uptake
(Fig. 1 E), larger numbers of excess myosin-VI-positive HCs were
observed at 48 h compared with those found with FM1-43FX
(Fig. 4A,F). The excess BrdU-positive HCs slightly decreased by
72 h, but levels are still significantly elevated over the vehicle
control ( p <0.01) (Fig. 4F). No difference in BrdU-negative HC
numbers was observed between DAPT and DMSO treatment
groups (ANOVA; p > 0.1) (Fig. 4F). The ratio of BrdU-labeled

Figure 4.

Time after neomycin treatment

Notch inhibition results in excess regenerated hair cells. A, Graph of HC regeneration after 400 v neomycin (Neo)
exposure as seen with FM1—43FXin larvae with 50 v DAPT incubation, a Notch inhibitor, or 0.5% DMSO vehicle control. Results
are graphed as mean percentages of HCs (=1 SEM) normalized to the control at 5 dpf (n = 8 fish per condition; 6 neuromasts per
fish). B—E, Confocal maximum projections of representative neuromasts under continuous BrdU incorporation for 48 h, with and
without 50 pm DAPT. Hair cells were labeled with myosin-VI (green), and BrdU-labeled cells are red. Scale bar, 10 m. F, Stacked
graph of average myosin-VI-labeled HCs per neuromast either colabeled with BrdU (red) or are BrdU-negative (green). Excess HCs
with 50 v DAPT incubation all contained the BrdU label, indicating mitotic origin. Error bars represent =1 SEM (n = 4fish per
condition; 3 neuromasts per fish).

HCs to unlabeled HCs after neomycin and DAPT treatment is
6.98 compared with 4.25 with neomycin alone at 48 h regenera-
tion. From these data, we conclude that Notch inhibition by
DAPT results in excess mitotic production of replacement HCs
only after previous HC damage.

Notch inhibition with DAPT increases deltaA expression
during regeneration

Experiments in the zebrafish mind bomb (mib) mutant have
shown that when Notch-mediated signaling is inhibited during
development, an overproduction of HCs occurs at the expense of
SCs in both the lateral line and inner ear (Haddon et al., 1998a,
1999; Itoh and Chitnis, 2001; Itoh et al., 2003). Expression of
deltaA, deltaB, and atohla are all upregulated in the developing
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Figure 5.  Proliferation of support cell subpopulations is differentially affected by Notch

inhibition. A, BrdU pulse-fix time course graph of SC proliferation in control and regenerating
neuromasts with 50 um DAPT or 0.5% DMSO vehicle incubation. B, BrdU pulse-fix time course
graph after 400 M neomycin treatment with 50 v DAPT (triangle) or 0.5% DMSO (circle)
vehicle incubation. BrdU-labeled SCs were subdivided as internal (solid lines, solid shape) or
peripheral (dotted lines, open shape) based on neuromast cell position. DAPT incubation in-
creased the number and duration of internal SC proliferation, whereas peripheral cells de-
creased in proliferation. €, BrdU pulse-fix time course graph of mock-treated control siblings
with 50 um DAPT (triangle) or 0.5% DMSO (circle) vehicle incubation. Both internal (solid lines,
solid shape) and peripheral (dotted lines, open shape) SC proliferation decreased with DAPT
incubation compared with the vehicle control, but effects were difficult to interpret because of
the small numbers of BrdU-positive cells observed. Error bars represent =1 SEM (n = 10 fish
per condition, 7 neuromasts per fish for all 3 graphs) (A-().

lateral line of mib mutant embryos, correlating with the increase
in production of HCs (Itoh and Chitnis, 2001). We therefore
tested whether the expression of deltaA, which is transiently up-
regulated after neomycin treatment (Fig. 3G-R), is altered by
DAPT treatment (supplemental Fig. S3, available at www.
jneurosci.org as supplemental material). Larvae with undamaged
HCs showed little deltaA expression at all times examined with or
without DAPT incubation (supplemental Fig. S3A-C,G-I, avail-
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able at www.jneurosci.org as supplemental material). When HCs
were killed with neomycin, neuromasts treated with DMSO ve-
hicle control exhibited the same pattern as seen previously (Fig.
3P-R), where deltaA expression was upregulated at 16 h, de-
creased slightly by 24 h, and then returned to the baseline levels by
48 h (supplemental Fig. S3D-F, available at www.jneurosci.org as
supplemental material). After DAPT treatment, deltaA expres-
sion followed the same pattern of increased and then decreased
expression (supplemental Fig. S3J-L, available at www.
jneurosci.org as supplemental material). However, deltaA was
expressed in many more cells overall with DAPT treatment than
after neomycin alone. This pattern of expression corresponds to
the increased deltaA expression observed during the initial devel-
opment of neuromasts when Notch signaling is disrupted in mib
mutants. Thus, we conclude that 50 um DAPT inhibits the Notch
pathway during HC regeneration in a similar manner.

Support cell subpopulations differentially respond under
Notch inhibition

Because inhibition of Notch signaling increases mitotically gen-
erated HCs, we evaluated SC proliferation under the influence of
DAPT. After neomycin treatment, larvae were incubated in 50
uM DAPT or 0.5% DMSO solutions and collected every 4 h be-
tween 12 and 36 h after a 1 h BrdU pulse just before fixation.
BrdU-labeled cells in seven neuromasts were counted in 10 fish
per time and condition. Results are graphed in Figure 5A.

In the mock-treated controls, SC proliferation was at a low
level overall for both DMSO- and DAPT-treated larvae, with only
an occasional labeled cell or two observed per neuromast (Fig.
5A). Cell counts of BrdU-labeled SCs were slightly decreased with
DAPT treatment compared with its DMSO vehicle control
(ANOVA; p <0.001) (Fig. 5A). After neomycin treatment, incu-
bation with DAPT significantly increased overall numbers of
BrdU-labeled SCs over the vehicle control levels, starting at 16 h
and continued through 32 h after neomycin treatment (ANOVA;
p <0.001) (Fig. 5A).

BrdU-labeled SCs were also scored for neuromast position to
differentiate and analyze the effect of DAPT on the internal and
peripheral SC subpopulations. Data are graphed in Figure 5, B
and C, for neomycin-treated larvae and mock-treated controls,
respectively. In neomycin-treated fish (Fig. 5B), under DMSO
vehicle control conditions, internal SC proliferation peaked at
16 h after neomycin treatment, decreased by 24 h, and remained
at low levels throughout the remaining time points. Peripheral
BrdU-positive SC numbers were lower than that of the internal
SCs, and decreased slowly over time (Fig. 5B). These data are
consistent with the previous BrdU pulse-fix time course experi-
ment in Figure 2 E.

When treated with DAPT, significant differences were ob-
served in both the internal and peripheral SC subpopulations
compared with the vehicle control (Fig. 5B). BrdU-labeled inter-
nal SC numbers were highly elevated with DAPT incubation,
with an extended peak observed between 16 and 20 h after neo-
mycin treatment. The duration of this increase was also pro-
longed, with a decrease at 24 h and reaching vehicle control levels
by 36 h. Conversely, peripheral SCs decreased in proliferation
after DAPT incubation and gradually decreased over time (Fig.
5B). Two-way ANOVA testing between the DMSO and DAPT
treatment groups for both SC subpopulations revealed signifi-
cant main effects of time ( p < 0.001) and treatment ( p < 0.001).
Interactions between treatment group and time were also signif-
icant for both internal ( p < 0.001) and peripheral (p < 0.01)
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SCs, indicating that DAPT incubation affected the pattern of SC
proliferation over time compared with that of the vehicle control.

In mock-treated control siblings not exposed to neomycin
(Fig. 5C), BrdU-positive SC numbers exhibited small but reliable
decreases over time under DMSO vehicle control conditions for
both internal (ANOVA; p < 0.001) and peripheral (ANOVA; p <
0.01) SCs. After incubation in DAPT, a slight but significant de-
crease in internal SC proliferation was observed (ANOVA; p <
0.01), with a small decrease in the peripheral SCs as well
(ANOVA; p < 0.05). However, numbers were small and thus
difficult to interpret.

Together, these data further support the idea that the internal
and peripheral SCs are two separate subpopulations with differ-
ent functions. With Notch inhibition by DAPT, internal SC pro-
liferation significantly increases, resulting in the generation of
excess HCs. This observation leads us to hypothesize that the
internal SCs are the proliferative HC precursors that are directly
responsible for HC renewal. Peripheral SC proliferation, in con-
trast, decreases after Notch inhibition. Additional experiments
are required to elucidate the involvement of the peripheral SC
population in HC regeneration, but we hypothesize that prolif-
eration of the peripheral SCs may be required to renew the inter-
nal SCs and/or for structural maintenance and growth of the
neuromast.

Discussion

Lateral line hair cell regeneration is primarily mitotic

Hair cell regeneration in lateral line neuromasts has both similar-
ities and differences with other systems where HC regeneration
has been studied extensively. In the avian auditory epithelium
[basilar papilla (BP)], both mitotic and nonmitotic regeneration
occurs. After aminoglycoside exposure, underlying SCs divide to
form both HCs and SCs (Lippe et al., 1991; Weisleder and Rubel,
1993; Tsue et al., 1994; Bhave et al., 1995; Stone and Rubel, 2000).
Direct conversion of SCs into HCs without an intervening mito-
sis also contributes significantly to HC renewal (Baird et al., 1993;
Adler and Raphael, 1996; Roberson et al., 1996; Roberson et al.,
2004; Cafaro et al., 2007). We find that HC replacement in the
larval zebrafish lateral line is primarily from proliferative progen-
itors. Our results are consistent with previous studies of lateral
line HC regeneration. Increases in SC proliferation and retention
of BrdU within HCs were reported previously by Harris et al.
(2003), and proliferative HC renewal was observed in time-lapse
imaging studies of HCs (Lopez-Schier and Hudspeth, 2006). Pro-
liferative addition was also observed after laser ablation of lateral
line HCs in axolotl (Jones and Corwin, 1996). We observed a
small number of HCs that were not derived from dividing pre-
cursors. Notably, these cells were detected within the first 24 h
after HC death and did not increase in number as new cells were
added through proliferation over the following 48 h. These HCs
likely include the small population of neomycin-resistant HCs
(Murakami et al., 2003; Santos et al., 2006). In pulse-chase exper-
iments, we found that the few HCs remaining after neomycin
treatment were not labeled with BrdU (Fig. 2G) (Harris et al.,
2003). Although these observations suggest that mature HCs do
not re-enter the cell cycle, this possibility cannot be completely
ruled out.

Neuromasts exposed to copper showed both mitotic and non-
mitotic regeneration depending on the severity of damage (Her-
nandez et al., 2007). Exposure of 3 dpf larvae to 1 um CuSO,
resulted in mostly nonmitotic renewal, although treatment with a
higher concentration (10 uMm) resulted in mostly proliferative
replacement (Hernandez et al., 2007). There are several possibil-
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ities to explain the differences in the level of nonmitotic regener-
ation after low-dose copper compared with that seen after high
copper or with neomycin treatment. Hernandez et al. (2007)
proposed the existence of a postmitotic precursor population
resistant to low levels of copper, but sensitive to high levels, and a
proliferative progenitor population resistant to both doses. Fol-
lowing this notion, the putative postmitotic precursors would
also be sensitive to neomycin. However, active mechanotrans-
duction is thought to be a prerequisite for neomycin-induced HC
death in zebrafish and other animals (Richardson et al., 1997;
Seiler and Nicolson, 1999), and HCs preferentially accumulate
aminoglycosides compared with SCs (Steyger et al., 2003), sug-
gesting that only fully differentiated HCs would be sensitive. A
second possibility is that postmitotic precursors are still abun-
dant in immature neuromasts at 3 dpf (the stage at which the
copper studies were performed) but primarily absent by 5 dpf
(our study). Additional studies will be needed to clarify these
issues.

Two subpopulations of proliferating cells have

separate functions

Tissues that undergo cell turnover require a regulated source of
new progenitors, which includes a dedicated population of stem
cells (Weissman et al., 2001; Fuchs et al., 2004; Molofsky et al.,
2004; Cotsarelis, 2006; Crosnier et al., 2006). In the nervous sys-
tem, stem cells give rise to proliferating progenitors called tran-
sient amplifying cells, the progeny of which then differentiate
(Alvarez-Buylla et al., 2001; Doetsch, 2003). In this study, we
provide evidence for two distinct subpopulations of proliferating
neuromast cells, designated as internal and peripheral SCs (Jones
and Corwin, 1993; Williams and Holder, 2000). We suggest that
internal SCs act as transient amplifying cells that give rise to new
HCs during regeneration, whereas peripheral SCs may include a
dedicated population of progenitor cells responsible for renewing
the internal SC population.

In the lateral line, regeneration occurs not only to renew lost
HCs but also to renew whole neuromasts after they are removed,
such as after tail amputation (Stone, 1937; Jones and Corwin,
1993; Dufourcq et al., 2006). In these instances, cells bud from the
edge of existing neuromasts, proliferate, coalesce, and migrate to
anew location to form new neuromasts in a manner recapitulat-
ing their development. We hypothesize that peripheral SCs may
be the source of these new neuromast progenitors. These progen-
itors likely have stem cell characteristics: the ability to self-renew
and to give rise to multiple cell types. They may also share prop-
erties with interneuromast cells that generate new intercalary
neuromasts through proliferative expansion (Grant et al., 2005).
Additional investigation is needed to elucidate these possible
functions of peripheral cells.

Notch signaling differentially regulates proliferation of
support cell subpopulations

Our experiments demonstrate that during HC regeneration,
treatment with the -y-secretase inhibitor DAPT results in the
overproduction of HCs. DAPT treatment phenocopies mind
bomb mutants, which inactivate an E3 ubiquitin ligase necessary
for efficient Notch signaling (Itoh et al., 2003) and is reversed by
expression of processed Notch (Geling et al., 2002). Although
DAPT blocks processing of other <y-secretase targets such as
ErbB4 (Sardi et al., 2006), amyloid precursor protein (Dovey et
al., 2001), or sodium channel B subunit (Kim et al., 2005), the
similarities in its effect on HC production after Notch loss of
function leads us to conclude that DAPT is most likely affecting



Ma et al. e Notch Regulates Zebrafish Hair Cell Regeneration

A Hair cell regeneration after neomycin exposure

® ® ® ® ®
T / \ / Neomycin ND%_ \ ﬁ / \

Mature

Figureé.

caused by no inhibition, resulting in an overproduction of HCs.

this pathway. Although DAPT appears to have no differential
specificity to different forms of presenilin (Zhao et al., 2008),
there may be other +y-secretases still functioning to modulate
lateral line development after DAPT treatment. Additional stud-
ies will be needed to address these possibilities.

We also observe upregulation of Notch signaling components
and atohl expression in neuromasts after neomycin damage, par-
alleling previous studies in the avian inner ear (Stone and Rubel,
1999; Cafaro et al., 2007). After aminoglycoside-induced HC
damage, Deltal is highly upregulated in proliferating cells in both
the avian utricle and the BP, which later persists in the newly
generated HCs but decreases in cells that did not acquire the HC
fate (Stone and Rubel, 1999). AtohI expression is observed in cells
that re-entered the cell cycle in the BP after damage shortly after
their division and is confined to HCs after their differentiation
(Cafaro etal., 2007). Notch1, which is normally expressed only in
SCs, increases in the postmitotic pairs during regeneration (Stone
and Rubel, 1999). These data suggest that some aspects of Notch
regulation of HC regeneration may be conserved among species.

Notch signaling during development has been interpreted to
be involved in lateral inhibition, affecting cell fate choice between
HCs and SCs, in both mice (Lanford et al., 1999; Kiernan et al.,
2001, 2005; Brooker et al., 2006) and zebrafish (Haddon et al.,
1998a, 1999; Itoh and Chitnis, 2001; Itoh et al., 2003). Recent
studies provide evidence for an additional role in regulating pro-
liferation in inner ear development (Kiernan et al., 2005; Take-
bayashi et al., 2007). Although we see an increase in HCs when
blocking Notch signaling after neomycin damage, we do not
know whether there is a concomitant loss of SCs. Moreover, we
do not know whether SCs that give rise to regenerating HCs are
themselves replaced. These questions will require the develop-
ment of new markers that distinguish lateral line SC types.

Model for Notch signaling in HC regeneration

Our data suggest that there are at least two signals that govern HC
regeneration: a “maintenance” signal that is disrupted to initiate
regeneration and a “braking” signal that promotes the return to
quiescence. We hypothesize that the maintenance signal is inde-
pendent of the Notch pathway, because very few cells express
Notch ligands in functionally mature neuromasts, and blocking
Notch signaling with DAPT does not initiate HC addition in the
absence of neomycin damage. Maintenance signaling between
mature HCs and internal SCs keeps cells quiescent (Fig. 6A).
After HC damage, inhibition is lifted and internal SCs divide to
either self-renew or form precursors that are committed to dif-
ferentiate into new HCs, possibly after expression of arohla. We

B  Notch inhibition during regeneratior
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Working models of HC regeneration. A, In undamaged neuromasts, local signaling between mature HCs and internal
SCskeeps cells quiescent. This processis not Notch dependent, and the inhibitory signal from the mature HCs s still unknown. After
neomycin-induced death, internal SCs (IS) divide and give rise to two postmitotic HC precursors (HP). These HC precursors then
differentiate into two new HCs. A second signal from the HC precursors signals to the adjacent internal SCs to inhibit proliferation
and limit HC production. This second inhibitory signal is via Delta-Notch, which regulates and limits the number of regenerated
HCs. B, When Notch signaling is inhibited with DAPT during regeneration, an increased number of internal SCs enter the cell cycle
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propose that deltaA expressed in the newly
formed HC precursors signals to the adja-
cent internal SCs, which upregulate notch3
after HC death (Fig. 6A). This Delta-
Notch signaling inhibits adjacent cells
from proliferating, hence putting a brake
on regeneration. DAPT treatment over-
rides that brake, resulting in increased SC
division and excess HCs (Fig. 6B). We
note, however, that even in the presence of
DAPT, proliferation eventually ceases,
suggesting that the unidentified mainte-
nance signal is restored as HCs mature.
Our model suggests that Notch signaling is
one component that limits the amount of
internal SC proliferation to keep HC num-
bers in check. This type of feedback inhi-
bition provides a mechanism for regulating the size of regenerat-
ing neuromasts and may provide the basis for our observation
that the number of regenerated HCs correlates with the number
present before neomycin exposure. Additional characterization
of the signals that start and stop HC regeneration may help in
promoting the regeneration of hair cells in humans.
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