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Abstract  

Irreversible hair cell (HC) loss in the inner ear is the leading cause for hearing and balance disorders. 

Discovery of therapeutic molecules preventing HC death and promoting regeneration, which does not 

occur in mammals like it does in lower vertebrates, is of major interest. In fish, HCs are also found in a 

superficial mechano-sensory organ called the lateral line (LL). LL-HCs are exposed to surrounding waters 

and are accessible to waterborne molecules providing a potent mean to study in vivo HC stability and 

regeneration. Commercial small molecule libraries were tested in screens for HC survival and 

regeneration in zebrafish, but ethnobotanical pharmacopeias remain totally unexplored because of the 

challenge that such complex mixtures represent. A rapid and cost-effective first-pass assay informing 

about the regenerative potential of an extract is therefore critical before embarking on cumbersome 

purification steps. We chose to test Valerian crude root extracts (Val), which are typically composed of 

more than 150 different components, amongst which is a main and abundant compound: valeric acid 

(VA). VA discovery and purification led to the commercialization of a synthetic analog: Valproic acid 

(VPA) which is a first-line drug for epilepsy and bipolar disorders that was also shown to significantly 

hamper LL-HC regeneration. We reasoned that if Val is not toxic, it would elicit effects like VPA. Thus, we 

synchronously ablated HCs in 5-day post-fertilization (dpf) larvae and monitored regeneration over the 

following 3 days in the presence of Val at the highest well-tolerated concentration (Val1 = 1mg/ml), or 

VPA (= 150M) as previously published. Both treatments significantly decreased HC regeneration 

without affecting HC-survival suggesting a similar mode of action. Furthermore, Val application as early 

as 3dpf and prolonged for up to 4 days did not affect larval survival, indicating that reduced HC-

regeneration was not due to overall toxicity. Taken together, Val and VPA-treatments displayed a 

comparable response in a simple and up-scalable HC-regeneration assay which is an in-first-pass potent 

approach for drug discovery. 
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Introduction 

Hearing disabilities are affecting close to 7% of the world population creating a major burden on global 

human health (1). About 90% of hearing impairments are sensorineural hearing losses, meaning that 

they are affecting the hair cells (HCs) in the sensory epithelium of the inner ear (= organ of Corti in the 

cochlea), or their innervation via the auditory nerve (2). Genetic and environmental factors cause 

sensorineural hearing loss which can be categorized accordingly, in genetic forms of hearing loss (GFHL), 

noise-induced hearing loss (NIHL), drug-induced hearing loss (DIHL) and age-related hearing loss (ARHL) 

(for review (3)). Whatever the cause of HC loss is, it is irreversible in mammals who strikingly miss the 

regenerative power found in lower vertebrates (for review (4)). Originally thought to be limited to cold 

blooded animals (5, 6),  HC regeneration was also demonstrated in birds (5, 6) and could be partially 

induced in murine cochlea (7, 8). In addition, vestibular HCs of the inner ear which are gravity/balance 

sensors and gaze stabilizers, can regenerate to some extent in adult mammals (9), arguing that HC 

regeneration could be restored in humans. To this effect, a range of strategies are pursued such as 

molecular therapies to counteract drugs or noise ototoxicity, cell- and gene-therapies to compensate 

mutation in genes causing HC loss and to induce HC regeneration (for review (10)).  

Another major line of research is drug discovery in search of molecules able to induce or remove the 

cellular brakes preventing HC regeneration. In this domain, the genetic tractable zebrafish has proven to 

be a valuable animal model because it also has regenerating HCs in a mechano-sensory organ called the 

lateral line (LL) (11). This superficial structure is constituted of stereotypically distributed superficial 

sensory patches called neuromasts (NMs), which are comprised of central HCs surrounded by support 

cells (SCs). The LL provides an easy experimental access to interfere with HC-development or 

regeneration which can be monitored in vivo after addition of waterborne compounds (12). Rapid 

development of unlimited number of small larvae make it optimal for high-throughput screens (13). 

Search of protective molecules against ototoxicity (14) and assessment of ototoxicity of anti-cancer 

drugs were performed (15, 16). Screens of FDA-approved small molecule libraries revealed several 

otoprotective compounds that were further validated in mice (17) and a few modulators of HC 

regeneration (18), thus clearly validating these approaches.  

However, screens so far have only interrogated single purified compounds leaving a major resource 

untapped: natural products (NPs). NPs can be broadly defined as plant, animal or fungi extracts with 

different degrees of purification for which effects have been properly documented in the abundant 

ethnobotanical literature (19). Systematic testing of NPs is daunting for many reasons and not the least 

being that reports on active preparations are challenging to reproduce. The mode of preparation is 

often highly variable, the crop origin is non-descript, the harvesting methods are unknown, and all can 

greatly affect the composition of any given extract. Notably, purification steps can be expensive, labor-

intensive, and time-consuming, making it unpractical to embark on such steps without further 

knowledge of the actual potential of a crude extract.  

To address this gap, we explored the possibility to exploit a cost-effective first-pass assay for testing 

unknown complex mixtures for their potential to interfere with HC-regeneration. We chose a simple HC 

regeneration assay that we (20) and others (21) have previously performed.  We triggered massive and 

synchronous HC loss with a punctual copper treatment (Cu++, 10M for 2h) (22) and then followed HC 

regeneration over the next 3 days, which is sufficient time for restoring NMs to the pretreatment state 

(23-26). As proof of principle, we tested crude root extracts of Valeriana officinalis, commonly called 

Valerian (Val). Similar preparations typically contained more than 150 different ingredients (27), but 

with one main component being always present: valeric acid (VA). VA led to the synthesis of a powerful 
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chemical analog named valproate (or valproic acid, VPA) which is the top-prescribed psychoactive drug 

worldwide (28). More relevant here, VPA was also shown to severely reduce LL-HC regeneration in 

zebrafish larvae (29, 30). Our rationale was that if Val is not toxic, it would contain enough VA to elicit 

comparable effects to purified synthetic VPA, and therefore demonstrate that a non-purified active 

compound when present in a complex mixture can be detected with the proposed screening assay. 

Consequently, after ablating all HCs in 5dpf larvae, we treated them with 150M VPA (VPA150) as 

previously published (29, 30), or with the highest well-tolerated concentration of Val (Val1=1mg/ml) for 

the following 3 days. We found a significant decrease in HC-regeneration with both treatments which 

was not due to HC toxicity of neither treatment, suggesting a similar mode of action. To exclude that the 

reduced number of regenerating HCs was due to compromised larval health and/or survival, we treated 

animals from 3dpf and up to 7dpf with Val1 or VPA150 and found no significant deleterious health effect 

or mortality, arguing that reduced HC-regeneration was specific and not due to general toxicity. Taken 

together, we showed that the potential of a complex mixture of unknown composition to interfere with 

HC regeneration can be detected in a simple HC regeneration screen. Such a rapid, first-pass, up-scalable 

approach can be used before embarking on further purification steps to narrow down on the active 

compound in a NP. Thus, our work is proposing a new avenue to tap into unexploited ethnobotanical 

pharmacopeias in the search of therapeutic molecules capable to impair or promote HC regeneration.  

 

Materials and Methods 

Fish Husbandry and Care 

We raised wild type (TUB x AB = TAB-5) and transgenic Tg (tnks1bp1: EGFP) adult zebrafish in system 

water (SW) with a stable pH = 7 and conductivity = 920-1100 micro-Siemens, in a semi-closed system 

(from Techniplast). Husbandry was performed as described (31) and following the National Institutes of 

Health guidelines for the care and use of laboratory animals and authorized by IACUC (protocol # 

A880110). We crossed couples for spawning and collected embryos in Petri dishes in blue water (BW = 

20mL methylene blue, 0.54g ocean sea salt, 10L distilled water) and stored them in an incubator at 28°C. 

The following day, we replaced BW with SW and renewed it daily while raising embryos/larvae at 28°C 

to the desired stage.  

 

HC regeneration assay   

We destroyed LL-HCs in 5dpf wild type larvae by exposing them for two hours to freshly prepared 

Copper Sulfate (II) solution (Cu++, Sigma # PHR1477-1G) at 10M in Holtfreiter’s buffer 1X (HB-10 X 

stock = 30g NaCl, 2.6g CaCl2, 1g KCl, 1L RO water). Next, we washed larvae 6x 1min in HB-1X  before 

dividing them in three groups raised further in one of the specified medium: (1) control (SW alone), (2) 

Val treated (SW + Val1= 1mg/ml), and (3) VPA treated (SW + VPA150 = 150M). We renewed all media 

daily. To count the number of regenerated HCs at each desired stage (+ 0hour post Cu++ treatment (hpt), 

+24hpt, +48hpt and +72hpt), we collected the desired number of animals and treated them with FM1-

43X (Invitrogen #F35355, 3M /1min in the dark). Next, we anesthetized them with cold (or 0.002% MS-

222) and mounted larvae in ice cold 4% methylcellulose on coverslips. We observed and imaged NMs 

(see below) on an inverted Zeiss microscope (Axiovert). After live observation we fully anesthetized 

larvae with ice-cold water (or 0.02% MS-222) and fixed them in fixing solution (FIX = 4% PFA + 4% 

sucrose) O/N at + 4oC. We washed the animals the next day in 6x10min PBS-1X + 0.1% Tween-20 (= 

PBST) and counterstained them with DAPI (nM/20 min). Next, we dehydrated them in 100% glycerol 

and mounted them in Aqua Poly-mount ((PolySciences, #18606-20) for further imaging.  
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Valeriana officinalis and VPA preparation and treatments 

We prepared aqueous Valeriana plant extracts solutions from dry powdered Valerian roots, which were 

organically grown and minimally processed (Pacific Botanicals, Grants Pass, OR 

www.pacificbotanicals.com). We kept the dry powder at 4°C in a tightly sealed opaque container and 

prepared stock solution (Val= 100mg/mL) in SW and we diluted to the desired final concentration as 

needed in SW. We prepared stock solution for Valproic acid (VPA, Sigma-Aldrich #P4543) at 200mM in 

distilled water and diluted to the final desired concentration in SW as needed.  

 

NMs imaging and HCs counting 

We imaged at least 3 head NMs (SO1, SO2 and SO3 or IO1, IO2 and IO3) and 3 trunk NMs (L1 to L5) and 

made Z-stack images (1M thick) through the entire NMs with an inverted Zeiss Axiovert. We 

reconstructed the NMs using Axiovision or Zen blue (Zeiss software). At least two different blind 

observers counted the stained HCs/NM. We imaged a subset of larvae with a confocal microscope 

(Nikon Eclipse Ti-E Inverted Fluorescence Microscope) to document NMs.  

 

TUNEL staining  

Prior to staining, we exposed previously anesthetized and fixed larvae to acetone for 7 minutes at -20°C, 

then rehydrated with 3 X 5min washes in PBST. Next, we digested larvae in Proteinase K (10 g/mL) for 

15 min and subsequently washed them 3 X 5min in PBST. For the subsequent steps we followed the In-

Situ Cell Death Detection Kit, TMR Red (Roche #12156792910) directions adjusting the volumes as 

needed for whole larvae.  

 

Embryo and larval survival curve 

Starting at 3dpf and for the following 4 days (until 7dpf), we raise larvae in one of the following media: 

SW, SW + Val1, or SW + VPA150 that was replaced daily. Each day, we checked thoroughly the health 

status namely by visually assessing under the stereoscope, the presence of 

morphological/developmental defects (heartbeat, blood flow spontaneous and provoked movement, 

presence of necrosis in internal organs, inflated swim bladder…) which can be easily done in larvae that 

are mostly transparent. For the survival count, we only retained thriving larvae devoid of any 

abnormality. We performed the same experiments on post copper- treated 5dpf larvae until 7dpf.  

 

Statistical Analysis 

We averaged the number of HCs/NM in Graph Pad Prism 7 and assessed the statistical significance using 

simple T-tests in which we compared pairwise the experimental groups (Control vs. Val1) and (Control 

vs. VPA150). Survival curves were analyzed using non-parametric Kaplan-Meier estimator and significance 

was assessed using the Log-rank Mantel Cox test in Graph Pad Prism 7. p < 0.05 (*) was considered 

statistically significant and p < 0.001 (**) and above highly significant.  

 

Results 

 

Hair cell regeneration is impaired by Valerian crude root extracts 

We used a simple HC regeneration assay schematically described (Figure 1a). Wildtype embryos were 

raised until 5dpf when we replaced the medium (system water, SW) with a Copper Sulfate II solution 
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(Cu++, 10M) for 2 hours (red bar and red arrow). This treatment triggered HC regeneration  by 

synchronously killing all HCs in all NMs of the LL (Figure 1b, green dots) which we verified systematically, 

just after the treatment (+ 0hpt in c and d) by applying a fluorescent live fixable dye (FM1-43X, figure 1c, 

red). Next, we abundantly rinsed larvae before leaving them to recover for 24, 48 or 72hpt in one of the 

following media that was replaced daily: SW, SW + VPA150 (VPA150 = 150M), or SW+Val1 (Val1= 1mg/ml). 

To determine the best concentrations to use for VPA and Val in our comparative approach, we settled 

for  VPA150 based on the published highest well-tolerated concentration which was eliciting a strong 

decrease in HC regeneration (29, 30). We empirically determined that Val1 (= 1mg/ml) was the highest 

well-tolerated concentration for periods exceeding the duration of the regeneration assay (data not 

shown and survival curve in Figure 3). Representative NMs for each treatment and each time point 

(Figure 1c), displayed regenerated and physiologically active HCs (red, top panels and lower panels) at 

the respective time points (+0, + 24, + 48 and +72hpt) with all nuclei of the NMs counterstained with 

DAPI (blue, middle and lower panels). For each larva, we imaged at least 3 head and 3 trunk NMs (N = 3, 

n = 30 /treatment/hpt) and proceeded with 3D reconstruction in which we counted all stained HCs. 

Next, we averaged the number of HCs/NM and grafted them (Figure 1 d). At 24hpt, NMs from larvae 

recovering in SW had significantly more HCs (black bar ~ 4) than larvae in SW+Val1 (red bar ~2, p< 

0.001), or in SW+VPA150 (gray bar, ~1, p< 0.0001). At 48hpt, larvae in SW had on average 6 HCs/NM, 

which was not significantly different from larvae in SW+Val1 with ~5 HCs/NM but strikingly different 

from larvae in SW+VPA150 with only ~2 HCs/NM. At 72hpt, larvae in SW had restored the number of HCs 

to a pre-copper treatment level (~8 HCs/NM) which was significantly more than in larvae treated with 

SW+Val1 (~5.5 HCs/NM, p <0.001), while NMs of SW+VPA150 treated larvae had at most 1 HC/NM (p< 

0.00001). Taken together, we showed that treatments with crude extracts of Val1 were significantly 

hampering HC regeneration even if to a lesser extent than VPA150-treatments, which was not 

unexpected as the crude extracts most probably contained less active compound. 
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Figure 1. Hair cell (HC) regeneration in the larval lateral line (LL) is reduced after Val1 or VPA150 exposure. (a). 

Schematic of the experimental approach used for assessing HC-regeneration in the LL. Synchronized HC loss was 

triggered in 5dpf larvae by exposing them to 10M Cu for 2h (red bar and arrow). Larvae were then left to 

recuperate for the following 3day post treatment (dpf) in either system water (SW), SW + Val1 (1mg/ml), or SW + 

VPA150 (150M). HCs were counted at 4 different time points after copper treatment, namely at 0, 24, 48 and 

72hour post-treatment (hpt) in all larvae (N = 3, n = 30/treatment/time point). (b). Schematic of a 5dpf larva 

showing the stereotypical distribution of neuromasts (NMs, green dots) in the head, trunk and tail composing the 

lateral line (LL). (c). Confocal images of representative NMs at the indicated observation stage after copper 

treatment (hpt). Physiologically active HCs are labelled with the live dye (FM1-43X, red upper and lower panels) 

and all nuclei in a NM are counter-stained with DAPI (blue, middle, and lower panels). (d). Graphic representation 

of the average number of HCs/NM at the indicated observation stage (hpt) after regenerating in SW (black bars), in 

SW + Val1 (red bars), or in SW + VPA150 (grey bars). Scale bar in c = 30M. Errors bars represent s.e.m, and 

statistical significance is indicated as following: **p < 0.001; ***p <0.0001.  
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Valerian treatments do not affect HC survival 

VPA150 treatments were previously shown to have no effect on HCs survival during regeneration (29, 30), 

suggesting that the decline in HC regeneration  was apoptosis-independent. To verify if this was also the 

case for Val1-treatments, we performed a TUNEL assay that fluorescently end-labelled fragmented DNA, 

a hallmark of apoptotic cells. Furthermore, to identify which cells were dying we performed the 

experiment in the transgenic line (Tg (tnks1bp1: EGFP)) which is expressing GFP in support cells (SCs) but 

not HCs in all NMs (Figure 2, green). As expected, when we observed NMs just after the copper 

treatment (+0hpt) we found a significant number of TUNEL-labelled cells (red). Most of them were not 

expressing GFP presumably representing the remnant of dying HCs, and/or macrophages that were 

recruited to the site and had engulfed HC debris, as previously described (32). We also noted some GFP-

expressing cells that were TUNNEL-labelled indicating that at least some SCs were affected by the 

copper treatment, as previously described (21). Strikingly, we found no NMs with TUNEL-positive cells in 

any subsequent regenerative stages (+24, +48 and +72hpt) for neither treatment (Figure 2a, SW: top 

panels, SW+Val1: bottom panels). We counted TUNEL-positive cells in all NMs at all stages (N = 2, and n = 

20/stage), averaged and graphed the results (Figure 2b). At + 0hpt, we found, as expected, ~4 TUNEL 

positive cells/NM, but quasi none at subsequent stages for the rare exception of scattered labelling in a 

few NMs for both post-copper treatments, SW (black bars) and SW+Val1 (red bars), which were not 

significantly different from each other. Taken together, this was indicating that Val1-treatments were 

not killing HCs or SCs during HC-regeneration, thus suggesting that comparable to VPA150-treatments, 

the reduced HCs regeneration was apoptosis-independent and possibly via a similar mode of action. 
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Figure 2. TUNEL-labelling of apoptotic cells in regenerating NMs after copper-treatment. (a). Confocal images of 

NMs of Tg (tnks1bp1: EGFP) larvae which are expressing GFP in all SCs (green) that were treated in a TUNEL assay 

end-labelling fragmented DNA (red). All animals were previously copper-treated to kill HCs and trigger HC-

regeneration. Just after copper-treatment (0hpt, left panel) several apoptotic cells are visible. Larvae left to 

recover in SW (top panels) or in SW + Val1 (bottom panels) were TUNEL-probed and imaged at 24, 48 or 72hpt, but 

showed no apoptotic cells. (b). Average TUNEL-positive labelled cells/NM after the indicated recovery time post 

copper-treatment in SW (black bars), or SW + Val1 (red bars). Error bars represent the s.e.m, scale bar in a = 10 M. 
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Larval survival rate is not affected by Valerian root extracts treatments 

Next, we wanted to exclude that decreased HC regeneration with VPA150 and Val1-treatments was due to 

general toxicity affecting proper development, general health, or survival of larvae. Thus, we treated 

larvae starting at 3dpf until 7dpf with similar concentrations (VPA150 and Val1) for periods exceeding the 

duration of the HC regeneration assay (from 5 to 7dpf). We found that none of the 1 to 4 day-long 

continuous treatments (N= 3, n= 22/treatment) significantly affected proper development, general 

health (assessed by several vital criteria: heartbeat, blood flow, spontaneous and provoked movements, 

and inflated swim bladder data not shown), or the survival rate (Figure 3a).   

Finally, to exclude the fact that there might be a compound effect of the VPA150 and Val1-treatments 

with the copper-treatment that we used to trigger HC-death and regeneration, we next closely 

monitored general health and survival of animals after exposure to copper and subsequent Val1 or 

VPA150-treatments ( N=3, and n=25/treatments). Again, we found no overt health problem, or significant 

mortality (Figure 3b). Taken together, neither VPA150 nor Val1-treatments, in association with or without 

copper-treatment, had obvious detrimental consequences on general health or survival of the treated 

larvae, suggesting that the decreased HC regeneration was specific and not a secondary effect caused by 

treatment toxicity.  

 
 

 

 

 

 

Figure 3. Survival of larvae after chronic exposure to 

Val1 or VPA150 with or without copper-treatment. (a). 

Percentage of survival rate of larvae raised from 3dpf 

onward until the indicated dpf in SW (black bar), SW+ 

Val1 (red bar) or in SW + VPA150 (grey bar) without 

copper-treatment. (b). Percentage of survival rate of 

larva after a punctual 2h copper-treatment at 5dpf 

followed by exposure to SW alone (black bar), to SW+ 

Val1 (red bar), or to SW + VPA150 (grey bar) for the 

following 3 days post copper-treatment (+24, + 48, 

and +72hpt). Errors bars represent the s.e.m. 

 

 

 

 

 

Discussion and conclusions 
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We assessed the feasibility of using crude plant extracts of unknown composition which were made 

from powdered Valerian roots in a simple HC regeneration assay in the zebrafish larval lateral line (LL). 

We elaborated a central postulate on three facts: first, a major component present in any Val extract is 

Valeric acid (VA) which was previously demonstrated in this well studied plant (27).; second, valproic 

acid (= valproate , VPA) is the synthetic analog of VA (33); and third, VPA significantly reduces HC 

regeneration in the zebrafish LL (29, 30). Thus, we reasoned that we should be able to elicit an effect 

comparable to VPA when applying a crude extract of Val. This would serve as proof of principle that 

when an active ingredient is present in a non-purified mixture, it can elicit a readable and specific effect 

in a simple up-scalable HC regeneration assay. We showed that with this readily up-scalable method we 

could effectively detect the postulated reduction in HC regeneration when treating regenerating animals 

with a preparation of Val at 1mg/ml (Val1), the highest well-tolerated concentration that we had 

previously determined. Importantly, we also demonstrated that the reduced HC regeneration was not 

due to ototoxicity or overall toxicity, arguing that we were detecting a specific effect.  

The larval zebrafish has been extensively used in drug discovery and toxicology screens (for review (34)), 

and so has the lateral line sensory organ (13-15, 17, 18, 35-37). Until now, purified molecules were 

screened often using pre-existing small molecule libraries, which when FDA-approved have the obvious 

advantage of offering a ready-to-go drug in case of success. However, this comes with the clear 

limitation that only already known, synthetic molecules will be interrogated. We propose that 

systematic screening of crude preparations could be set up after a careful selection based on the 

ethnobotanical documented regeneration potential of plant/fungal crude preparations, as described in 

the abundant literature and available databases (i.e http://herb.umd.umich.edu/, 

http://www.herbmed.org/,  and http://www.leffingwell.com/plants.htm).  Standardized screens would 

allow to rapidly interrogate any complex mixture for the potential of decreasing or enhancing HC-

survival and regeneration. The same inexpensive and rapid screens could then be used in successive 

purification steps to isolate the active compound(s) in extracts of interest. We demonstrated in these 

proof-of-principal experiments, efficacity and safety of valerian crude root extracts of unknown 

composition in an in vivo HC regeneration assay. Our work, while extending the potential of an up-

scalable approach, has obvious short-comings. Extracts can generate false positives because of potential 

synergistic effects of the hundreds of compounds present in a mixture which might mask the effect of 

any single ingredient. Extracts might not be testable at an effective concentration without becoming 

toxic. Likewise, false positives could be generated by synergistic effects that might be difficult to 

recreate with purified solutions. Nevertheless, using these cost-effective rapid screens could 

significantly increase discovery rate of new molecules by enabling the exploration of the vast NP 

pharmacopoeia and therefore promote translational solutions for hearing and balance disorders. 
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