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ARTICLE INFO ABSTRACT

Keywords: Hearing loss is a significant public health problem, and the “loss of sensory hair cells” is one of two leading
Neuromasts causes in humans. Advanced imaging reagents are desirable for understanding the role of the surrounding
Near Infrared (NIR) emission support cells in the loss or regeneration of the hair cells. A styryl dye was found to exhibit NIR emission
Zebrafish (Mem = 684 nm) with a very large Stokes shift (Av =~ 9190 cm™!), due to the incorporation of excited state
zt}zlarr}:ilniye intramolecular proton transfer (ESIPT) mechanism. When used to stain live zebrafish embryos, the probe was

found to exhibit good selectivity in targeting neuromasts, which are sensory organs on the surface of the fish’s
body. The finding was verified by direct comparison with the known neuromast-labeling reagent, 4-Di-2-ASP. In
contrast to the existing styryl dyes that label neuromast hair cells, the new probe labeled both neuromast hair
cells and the surrounding support cells, while giving discernable signals. The study thus illustrated a useful tool
to aid the developmental study of two closely related cell types on the mechanosensory sensory organ of zeb-

Support cell
Excited state intramolecular proton transfer

rafish, which is a powerful animal model for hearing loss research.

1. Introduction

As a model organism, zebrafish have been widely used in various
biological studies [1,2]. They use a lateral line system to detect
movement in surrounding water [3]. The lateral line is made up of
mechanosensory organs called neuromasts that are distributed over the
fish’s head and body surface and is innervated by the lateral line nerves
(Fig. 1) [1,3,4]. Because hair cells in the lateral line are functionally
similar to hair cells in the inner ear of mammals, the zebrafish neuro-
mast has been adopted as a model for studying hair cell regeneration
[5-7]. The neuromast model study could shed light on the hearing-loss
problems, as “loss of hair cells” is one of two leading causes for hearing
loss in humans [8,9]. Due to its clinical relevance, the zebrafish lateral
line has emerged as a powerful animal model for screening drugs that
cause or prevent hair cell death [10]. Broad interests in advancing hair
cell research are described in recent review articles [11,12].

The lateral line comprises of a series of individual neuromasts that
are composed of sensory hair cells and surrounding support cells. The
support cells include two distinct cell populations: (i) inner support
cells under the hair cells, and (ii) mantle cells that encircle the entire
neuromasts (Fig. 1) [5,13]. The available tools for recognition of neu-
romasts include transgenic methods and use of vital fluorescent dyes
[5,7]. Although few transgenic fish lines have been generated for

* Corresponding authors at: University of Akron, Akron, OH 44325, USA.
E-mail addresses: qliu@uakron.edu (Q. Liu), yp5@uakron.edu (Y. Pang).

https://doi.org/10.1016/j.bioorg.2019.103040

labeling specific cell types within neuromasts [5], it is often difficult to
distinguish the two major cell types (i.e., hair cells and surrounding
support cells). It is not known if support cells are a homogeneous po-
pulation, or if only subsets of support cells contribute to regeneration
[5]. In order to gain a better understanding of the developmental
process of hair cells, it is important to visualize simultaneously both
hair cells and their surrounding support cells.

Among the available tools for imaging the lateral lines, vital dyes
are arguably the easiest and most accessible reagents used to visualize
the lateral hair cells [7]. Scheme 1 lists the structures of the commonly
used vital dyes, which include a styryl pyridinium segment and exhibit
emission between 590 and 610 nm. As a common feature, this class of
dyes exhibits good selectivity in labeling neuromasts of zebrafish lateral
lines. The mechanism of labeling has been examined by using FM1-43
[14]. The styryl dyes can quickly label hair cells by entering through
open mechanotransduction channels.

Although styryl dyes have been widely used to stain zebrafish for
neuromast imaging, there are some drawbacks that need to be im-
proved. First, the staining is often incomplete; Neuromasts that are not
labeled by styryl dyes such as DASPEI are not always completely devoid of
hair cells, as observed in the study of Rubel et al. [15]. Second, the
intensity of staining begins to fade within several minutes after washing
out the dye, since neuromast staining (by styryl dyes such as DASPEI) is
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Fig. 1. (a) Sketch of the lateral line sensory organ on a zebrafish at 72 hpf. (b)

The structure of an enlarged neuromast.
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Scheme 1. Structures of commercial styryl dyes and compound 1, along with

their absorption and fluorescence.

limited to endoplates on superficial fibers [16]. Despite these draw-
backs that make it difficult for quantitative comparison, styryl dyes
(e.g. DASPEI and 4-Di-2-ASP) are still commonly used for imaging of
neuromasts [1,7,17]. A previous study showed that 4-Di-2-ASP was
more effective than DASPEI in staining nerve terminals [16], and is
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widely used for labeling the neuromast [7,18-21]. It should be noted
that no existing fluorescent dyes are known to label the support cells,
which is essential for correlation between the hair cells and related
support cells. Therefore, it is desirable to develop new probes that can
display the support cells to advance the neuromast study.
Excited state intramolecular proton transfer (ESIPT) has emerged to
be an attractive mechanism for the design of fluorescent molecular
probes, due to its ability to generate large Stokes shift in emission
signals [22]. For example, ESIPT-based chemosensors have been used
for detecting zinc cation [23,24] and various anions. Our recent study
shows that coupling an ESIPT unit with a cyanine fragment could
drastically improve the fluorophore’s Stokes shift and fluorescence
quantum yields [25]. The concept of developing cyanine-containing
ESIPT fluorophores is further examined by synthesis of probe 1, whose
structure includes a benzothiazole group for ESIPT at the hydrophobic
end of styryl dyes. Interestingly, probe 1 exhibits excellent selectivity
for plasma membrane of prokaryotic (E. coli) cells [26]. In this con-
tribution, we demonstrate that probe 1 also shows selective interactions
with neuromast cells, as it includes a styryl pyridinium segment. The
study thus leads to the discovery of an attractive neuromast labeling
reagent, which can reveal not only the neuromast hair cells, but also
their surrounding support cells. Herein we report the optical char-
acteristics of 1 and its potential use for neuromast labeling, in com-
parison with the commercial styryl dye 4-Di-2-ASP.

2. Results and discussion

Compound 1 was synthesized as reported recently from our la-
boratory [25,26]. Probe 1 exhibited emission at Ay, = 697 nm with a
large Stokes shift (AN = 292 nm), which was slightly affected by sol-
vent polarity (Fig. 2b). In sharp contrast, the emission wavelength of
the typical styryl dye 4-Di-2-ASP (Aem = 562nm, AN = 25nm) in
CH,Cl, was quite different from that in water (A, = 618 nm,
AN = 137 nm) (Fig. 2a).

A unique structural feature in 1 is that the benzothiazole and pyr-
idinium vinyl substituents are connected via a 1,3-phenylene bridge. As
a consequence, the effective chromophore of 1 can be approximated by
“chromophore I” (Scheme 2), due to effective s-conjugation interrup-
tion at the 1,3-phenylene bridge [28]. However, formation of the ex-
cited keto tautomer 3a extended the conjugation of the styryl pyr-
idinium segment as indicated by “chromophore II,” resulting in a large

bathochromic shift in emission. Therefore, the large Stokes shift from
the fluorescence of 1 could be attributed to the effective formation of
the keto tautomer 3a that was only available in the excited state. Since
ESIPT is a fast process (~150 fs) [27], only emission from its keto form
3a was observed (Scheme 2), giving only one emission at ~680 nm. It
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Fig. 2. Normalized UV-vis absorption (broken lines) and fluorescence (solid lines) spectra of 4-Di-2-ASP (a) and 1 (b) in CH,Cl, and H,O (10 uM solution) at 20 °C.
Excitation for 1 at 390 and 420 nm.
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Scheme 2. Schematic illustration of formation of the keto form via excited state intramolecular proton transfer (ESIPT). And the intramolecular charge transfer.

should be noted that the observed emission A., =680 nm was not due
to the possible formation of phenoxide (Ar—OH — Ar—O7), as the
phenolic proton in 1 is not acidic (pK, = 8.26) and the resulting
phenoxide would be non-fluorescent [26].

Comparison of photophysical properties revealed that fluorescence
quantum yield ¢g of 1 was ~5 times higher than that of the styryl dye
(Table 1), which is desirable for imaging applications. In order to shed
some light on the fluorescence enhancement, we examined the photo-
physical characteristics of hemicyanine 2. It should be noted that
compound 2 can be considered as the effective chromophore of 1, due
to the efficient conjugation interruption at 1,3-phenylene bridge [28].
While the ¢q of 2 was comparable to that of 4-Di-2-ASP, it was sig-
nificantly lower than that of 1 (Table 1). The results pointed to that
inclusion of the ESIPT unit in 1 could enhance the fluorescence of styryl
dyes, as the intramolecular hydrogen bonding in 1 increases the mo-
lecular rigidity. The observed higher ¢g from 1 could be partially at-
tributed to the meta-phenylene bridge in the molecular design, which is
known as “meta effect” to enhance the fluorescence [29,30].

In a wide range of solvents examined, the absorption A,ps of 1 was
less affected by solvents (except in CH,Cl,), in comparison with the
model compound 2 and 4-Di-2-ASP (Fig. 3a, Table 1). A likely reason
was that the fast ESIPT quickly transformed the excited 1 to its keto
form 3a (Scheme 2), which minimized the impact of solvent relaxation
on the excited 1. The solvent polarity also exhibited less impact on the
emission A, of 1, in comparison with 2 and 4-Di-2-ASP (Fig. 3b). As a
consequence, the emission Ay, of 1 exhibited only a small spectral shift
(AN\em ~ 8 nm, bathochromic shift) from H,0 to CH,Cl, solvent (Fig. 2),
in sharp contrast to that from the styryl dye 4-Di-2-ASP (AAey, ~ 56 nm,
hypsochromic shift). Since interaction with biological cells typically
involves movement of dye molecules from H,O to a non-aqueous

environment (e.g. lipid bilayers or proteins), negligible spectral shift in
the emission will provide a more reliable signal for study.

Structural similarity of 1 to styryl dyes such as 4-Di-2-ASP, in terms
of containing pyridinium vinyl substituent, encouraged us to seek its
potential applications in biological systems. When applied to devel-
oping zebrafish, probe 1 showed selective labeling of neuromasts in the
embryos (Fig. 4). The labeling pattern by using 1 (Fig. 4a & c) was
comparable to that using 4-Di-2-ASP (Fig. 4b & d), a recognized neu-
romasts marker [16,19]. In the experiments, all embryos (< 72h post
fertilization, hpf) were removed from their chorions before staining to
allow consistent staining. The 4-Di-2-ASP staining of the fish neuro-
masts was carried out as described by Magrassi et al (50 uM for 1h)
[16]. Zebrafish staining by probe 1 was accomplished with 10 uM for
30 min before washing with E3 medium 3 times. The experiments were
repeated three times, all showing consistent results.

Although 1 was used in a lower concentration (10 pM), its fluores-
cence was comparable with the observed intensity of 4-Di-2-ASP
(50 uM) labeling (Fig. 4). Non-neuromast labeling was observed from
both probes (mainly in the yolk) in 72 hpf embryos (Fig. 4c and d),
while the neuromast labeling (indicated by the arrowheads) was easily
distinguishable from the background labeling in the low magnification
images. Comparison between the neuromast labeling patterns in the
head region of these embryos revealed that probe 1 labeled neuromasts
were larger than those labeled with 4-Di-2-ASP (Fig. 4e and f).

Higher magnifications of one of the head neuromasts showed that
there were fewer labeled neuromast cells using 4-Di-2-ASP than using
probe 1 (Fig. 4g & h). It appeared that both probes labeled cells in the
central region of the neuromasts (likely hair cells), while probe 1 also
weakly labeled most peripherally located cells (mainly cell membranes;
likely support cells). The observed larger neuromasts in the probe 1

Table 1
Photophysical Properties of 1 and 2-Di-4-ASP in DCM at 20 °C.
Compound In H,0 In DCM
Absorption Fluorescence Absorption Fluorescence
1 Aabs = 390 nm; (¢ = 2.83 x 10%) Aem = 676 nm Aabs = 420 nmy; Aem = 684 nm
¢g = 0.06 (e =292 x 109 g = 0.34
2-Di-4-DSP Aabs = 481 nmy; Aem = 618 nm Aabs = 537 nm; Aem = 562 nm
$n = 0.0066 $n = 0.0785
2 Aabs = 380 nmy; Aem = 587 nm Aabs = 428 nm; Aem = 576 nm
(e = 1.03 x 10 $ga = 0.003 (e=91x10)LM *em™?! $qa = 0.076

Note: molar absorption coefficient ¢ is calculated at absorption maximum.
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Fig. 3. UV-vis absorption A.ps (@) and fluorescence A, (b) of 1, 2 and 4-Di-2-ASP in different solvents. All data were collected at 20 °C.

labeling was thus attributed to its ability to label not only the hair cells,
but also the surrounding support cells. Interestingly, the difference in
probe 1 labeling intensities of these cells was such that two different
cell populations (i.e. strongly labeled central cells, and weakly stained
peripheral cells) could be readily discerned (Fig. 4h). The results in-
dicated that probe 1 was a more selective and stronger marker for the
neuromasts in developing zebrafish. Furthermore, application of probe
1 required use of lower concentration and shorter time for neuromast
labeling (in comparison with 4-Di-2-ASP), benefitting from its NIR
emission that is not interfered by autofluorescence.

On the basis of the observed bright emission (Fig. 4F), it was as-
sumed that the probe 1 quickly labeled neuromast hair cells, due to the
strong interaction of styryl pyridinium segment. Further penetration of
probe 1 would bring the probe molecules to the support cells im-
mediately underneath the hair cells (i.e. inner support cells). Thus, use
of probe 1 exhibited a distinct advantage: labeling both the hair and

4-Di-2-ASP
72 hpf

4-Di-2-ASP

72 hp

4-Di-2-ASP

support cells, while being able to differentiate them. To the best of our
knowledge, probe 1 was the first styryl dye to exhibit such a property.
In the molecular design, the styryl pyridinium segment of 1 was re-
sponsible for the hair cell selectivity. The HBT segment at the hydro-
phobic end of 1 was not only enabling ESIPT, but also providing some
desired function for membrane staining. The probe’s ability to give
discernable signals for the hair and support cells thus provided a pos-
sible staining method for studying the development of hair cells in re-
lation to the surrounding support cells, which remains to be a challenge
in the hair cell research [31,32].

3. Regeneration of neuromast cells by co-staining

Different from the existing neuromast labeling (e.g. 4-Di-2-ASP),
probe 1 exhibited a transparent window, with no absorption and
emission between 500 and 575nm (see Fig. 2b). Since the absorption

Fig. 4. Confocal images of zebrafish embryos
(40-72 hpf) labeled with 4-Di-2-ASP or probe 1.
Anterior to the left and dorsal up for all images.
Excitation wavelength was at 488nm with a
595 nm filter (Texas Red) for 4-Di-2-ASP, and at
405 nm with filters at 700nm (Texas Red and
Cy5) for probe 1, respectively. Neuromasts and
non-neuromasts labeling was indicated by ar-
rowheads and arrows, respectively.

(g probe 1
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Fig. 5. Confocal images of neuromasts from a live zebrafish, 3, 5, 7, 9 and 13 h after initial treatment with 250 uM neomycin for 1 h. Panels A & B are posterior halves
of zebrafish larvae (anterior to the left, dorsal up), where arrows indicate labeled neuromasts. Panels C, E, G and K are high magnification images viewed from probe

1 (Aex at 405nm); panels D, F, H and L are from 4-Di-2-ASP (A at 488 nm).

(Amax = 537 nm) and emission (A, = 562 nm) of 4-Di-2-ASP in non-
aqueous environment (e.g. CH,Cl,) is within the optical window, it
opens the possibility of simultaneous imaging of hair and support cells
in a biological event. Due to the large Stokes shift, the emission of 1 has
no overlap with the absorption of 4-Di-2-ASP, thereby eliminating the
energy transfer between the dyes used for co-staining. In order to fur-
ther demonstrate the unique advantage of 1, we decided to monitor the
developmental process of hair cells during their regeneration, which is
related to the hearing loss research. Thus 80 hpf zebrafish larvae were
treated with neomycin-containing medium (neomycin concn 250 pM)
for 1h by using a known procedure [15], which effectively killed al-
most all hair cells.

Three hours following the neomycin treatment, the larvae were co-
stained with probe 1 and 4-Di-2-ASP (10 uM for each) for 30 min and
washed again with E3 media before imaging, no hair cells were labeled
(Fig. 5A). At 5h post treatment (hpt), labeled hair cells started to be
detected, which were observed from both 1 and 4-Di-2-ASP labeling
(Fig. 5B, C & D), but the support cells were not labeled. At 7 hpt, the
support cells became faintly labeled with 1, but not with 4-Di-2-ASP
labeling (Fig. 5E-F). From 9 to 13 hpt, more support cells were detected
as shown with 1 labeling (Fig. 5G, I). Based on these results, it appeared
that the neuromast regeneration started from hair cells, which was
followed by support cell regeneration. This is different from what is
known about the sequence of neuromast regeneration (i.e. hair cell
regeneration depend on support cells) [5,32]. It is possible that inner
support cells (those situated directly below the hair cells) survived the
neomycin treatment, but were masked by the above and much more
intensely labeled hair cells. These inner support cells may play a role in
the hair cell regeneration. The co-staining experiment consistently
displayed that probe 1 was more selective in labeling hair cells, as 4-Di-
2-ASP exhibited a higher tendency to label other cells (in addition to
the hair cells) (see Fig. 5H).

In the co-staining experiment, the region of support cells were
clearly defined. In the early stage (5 hpt, Fig. 5C), the surrounding
support cells were not observed. At 7 hpt (Fig. 5E), the hair cells were
only increased slightly, while the support cells were observed. From 7
to 9 hpt (Fig. 5E & G), the surrounding support cells were not uniformly

distributed. Failure to observe the surrounding support cells at the
beginning stage of regeneration (Fig. 5C) suggests that the inner sup-
port cells played more significant roles during the initial stage of hair
cell regeneration.

4. Conclusion

Incorporation of a styryl pyridinium group led to the development
of probe 1 that gave NIR emission and exhibited excited state in-
tramolecular proton transfer (ESIPT). Optical comparison between 1
and a styryl dye (4-Di-2-ASP) revealed that the emission of 1 exhibited
a higher fluorescence quantum efficiency (Table 1) with a very large
Stokes shift (Av = 9190 cm ™ !). In addition, the emission of 1 was less
affected by different solvent environments, in sharp contrast to the
styryl dye whose absorbance and emission were more sensitive to dif-
ferent environments. These properties make probe 1 an attractive
candidate for imaging applications.

When applied to zebrafishes, probe 1 was found to stain the fish’s
neuromasts selectively, giving bright imaging. Direct comparison with
the neuromast labeling reagent 4-Di-2-ASP showed that probe 1 la-
beling exhibited improved selectivity to neuromast. Remarkably, probe
1 not only labeled neuromast hair cells, but also the adjacent support
cells, in contrast to the existing neuromast labeling reagents that only
label the hair cells. Since probe 1 exhibited a transparent optical
window (i.e. no absorption and emission between 500 and 550 nm), it
could be used for co-staining with other compatible imaging reagents.
For the first time, via co-staining with 4-Di-2-ASP, the study illustrated
a useful imaging method that can simultaneously reveal the activities of
both support cells and hair cells, whose correlation are important in
neuromast development. Since support cells play important roles in the
development, function, and regeneration of neuromast hair cells [30],
the developed probe could aid the study of hair cell regeneration and
discovery of the related drugs. We anticipate the use of the developed
probe could assist the researchers to pursue the following fundamental
questions in the fields [5]: (a) could support cells be a homogeneous
population? and (b) could specific subset of support cells play more
significant roles for hair cell regeneration?
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5. Experimental section
5.1. General considerations

All reactions were carried out under aerobic conditions. All reagents
were purchased through VWR, DMSO and 4-Di-2-ASP was purchased
form Sigma, and ethanol was purchased from Decon Laboratories. All
materials were used as received without further purification. All '"H and
13C data were collected using Varian 300 and 500 MHz instruments
with all spectra referenced to deuterated solvents.

5.2. Synthesis of (E)-4-(3-(benzo[d]thiazol-2-yl)-2-hydroxy-5-
methylstyryD)-1-methylpyridin-1-ium (1)

3-(benzo[d]thiazol-2-yl)-2-hydroxy-5-methyl- benzaldehyde (0.548 g)
was added to a solution of 4-methylpicoline (0.470g) in methanol.
Piperidine (0.5 mL) was added to the mixture and it was refluxed overnight
before removing solvent via rotory evaporation. The resulting solid was
washed with ethyl acetate and filtered before washing with water and
completely drying under high vacuum yielding a dark purple solid (65%
yield). Mp 208-210°C. 'H NMR (DMSO-ds, 300MHz) & =8.73 (d,
J = 8.73, 2H, Ar—H), 8.19-8.06 (m, 4H), 8.02 (d, J = 7.8 Hz, 1H, Ar—H),
7.9 (s, 1H, Ar—H), 7.74 (d, J = 16.2 Hz, 1H, alkene), 7.61 (s, 1H, Ar—H),
7.53 (t,J = 7.9Hz, 1H, Ar—H), 7.43 (t, J = 7.4 Hz, 1H, Ar-H), 4.19 (s, 3H,
—CHs), 2.33 (s, 3H, —CHs). 3C NMR (DMSO-ds, 125MHz) § 167.69,
153.92, 151.58, 144.94, 137.84, 134.10, 133.45, 131.33, 126.84, 125.23,
124.32, 123.11, 122.46, 122.15, 121.89, 119.33, 47.01, 20.52. ESI-MASS
m/z caled for [CosHa1N505S] 11 413.1324; found: 413.1324.

5.3. Zebrafish breeding

Zebrafish (Danio rerio) were maintained as described in the
Zebrafish Book [33]. They were kept in 10-gallon tanks with 28.5°C
water and 12 h light/12 h dark cycle. Zebrafish embryos were obtained
by breeding adult wildtype. Zebrafish embryos were obtained by
breeding adult wildtype zebrafish. All embryos were maintained in E3
medium (15mM NaCl, 0.5mM KCl, 1mM MgSO,, 1mM CaCl,,
0.15mM KH,PO,, 0.05mM Na,HPO,, 0.7 mM NaHCOs, and 10~ °%
methylene blue at 7.5 pH) at 28.5°C. All animal related procedures
were approved by the Care and Use of Animals in Research Committee
at The University of Akron.

5.4. Zebrafish staining and imaging

The stock solution of 1 or 4-Di-2-ASP (1 mM concentration) was
prepared in DMSO. All fish embryos were removed from their chorions
before staining. Embryos of 24, 36, 48, 60, and 72 h post fertilization
(hpf) were uded in this study. At each stage of development, the em-
bryos from the same breeding were stained with either styryl dye 4-Di-
2-ASP (50 uM for 1h) or probe 1 (10 uM for 30 min), before washing
with E3 medium 3 times. Imaging was performed on a Nikon A1l con-
focal system with a Plan Apo A 10x and a Plan Fluor 40x Oil DIC H N2
objectives with both GaAsP detectors and high sensitivity low noise
PMTs for detection. Excitation wavelength for DiApi was 488 nm with a
595 nm filter (Texas Red) and excitation for 1 was 405 nm with filters at
595 and 700 nm (Texas Red and Cy5 respectively). Images were pro-
cessed using NIS Elements software.
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