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P2X antagonists inhibit styryl dye entry into hair cells

Mark A. Crumling1, Mingjie Tong1, Krista L. Aschenbach1,2, Li Qian Liu1, Christine M.
Pipitone1, and R. Keith Duncan1
1 Kresge Hearing Research Institute, Department of Otolaryngology, University of Michigan, Ann
Arbor, MI 48109
2 Calvin College, Grand Rapids, MI 49546

Abstract
The styryl pyridinium dyes, FM1-43 and AM1-43, are fluorescent molecules that can permeate the
mechanotransduction channels of hair cells, the sensory receptors of the inner ear. When these dyes
are applied to hair cells, they enter the cytoplasm rapidly, resulting in a readily detectable increase
in intracellular fluorescence that is often used as a molecular indication of mechanotransduction
channel function. However, such dyes can also permeate the ATP receptor, P2X2. Therefore, we
explored the contribution of P2X receptors to the loading of hair cells with AM1-43. The chick inner
ear was found to express P2X receptors and to release ATP, similar to the inner ear of mammals,
allowing for the endogenous stimulation of P2X receptors. The involvement of these receptors was
evaluated pharmacologically, by exposing the sensory epithelium of the chick inner ear to 5 μM
AM1-43 under different experimental conditions and measuring the fluorescence in hair cells after
fixation of the tissue. Pre-exposure of the tissue to 5 mM EGTA for 15 minutes, which should
eliminate most of the gating “tip links” of the mechanotransduction channels, deceased fluorescence
by only 44%. In contrast, P2X receptor antagonists (PPADS, suramin, TNP-ATP, and d-
tubocurarine) had greater effects on dye loading. PPADS, suramin, and TNP-ATP all decreased
intracellular AM1-43 fluorescence in hair cells by at least 69% when applied at a concentration of
100 μM. The difference between d-tubocurarine-treated and control fluorescence was statistically
insignificant when d-tubocurarine was applied at a concentration that blocks the
mechanotransduction channel (200 μM). At a concentration that also blocks P2X2 receptors (2 mM),
d-tubocurarine decreased dye loading by 72%. From these experiments, it appears that AM1-43 can
enter hair cells through endogenously activated P2X receptors. Thus, the contribution of P2X
receptors to dye entry must be considered when using styryl pyridinium dyes to detect hair cell
mechanotransduction channel activity in the absence of explicit mechanical stimulation of stereocilia.
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Styryl pyridinium (“styryl”) dyes, such as FM1-43, have been used classically to study the
dynamics of endo- and exocytosis at synapses (Betz and Bewick, 1992, Betz et al., 1992, Choi
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et al., 2005) but are becoming increasingly popular as molecular markers of
mechanotransduction channel function in hair cells, the sensory cells of the auditory and
vestibular systems. These dyes are amphipathic molecules that can incorporate into vesicles
and their membranes during the vesicle cycle (Betz et al., 1992). For examining the vesicle
cycle, this endocytotic route is ideally the only means by which the dyes enter a cell. However,
when applied to hair cells, the dyes enter the intracellular compartment not only in endocytosed
vesicles (Meyer et al., 2001, Griesinger et al., 2002, 2004, Kaneko et al., 2006), but also through
a faster, channel-mediated mechanism (Nishikawa and Sasaki, 1996, Gale et al., 2001, Meyers
et al., 2003). There is compelling evidence that fast dye entry can occur via the hair cell
transduction channels, which are located at the tips of the stereocilia (Gale et al., 2001, Meyers
et al., 2003). Because of this, styryl dyes have been used as molecular markers of
mechanotransduction channel activity in inner ear tissue (Geleoc and Holt, 2003, Si et al.,
2003, Cheatham et al., 2004, Stepanyan et al., 2006, Taura et al., 2006, Spencer et al., 2008)
and in experiments on the experimental manipulation of tissue to produce hair cells (Doyle et
al., 2007, Hu and Corwin, 2007). However, rapid dye entry may not be a reliable indicator of
transduction channel function. For example, differences in in vitro environment and species-
specific factors could confound the ability to specifically associate rapid dye uptake with
transduction channel function. This idea is supported by the disparity of dye loading
mechanisms between guinea pig cochlear hair cells, where dye enters seemingly through
endocytosis alone (Griesinger et al., 2002, 2004, Kaneko et al., 2006), and mouse, frog, chick,
and fish hair cells, which show rapid, presumably channel mediated, dye entry (Nishikawa and
Sasaki, 1996, Geleoc and Holt, 2003, Meyers et al., 2003, Si et al., 2003). Moreover, styryl
dyes enter other types of sensory cells, apparently through non-specific cation channels that
are distinct from that of the hair cell’s transduction apparatus (Meyers et al., 2003). Since hair
cells express many types of non-specific cation channels, fast dye loading may not only indicate
transduction channel activity, but also the action of these other channels.

P2X receptors are extracellularly activated, ATP-gated, non-specific cation channels found in
many cell types, including hair cells, where they are localized to the apical surfaces and
stereocilia (Housley et al., 1992, Housley et al., 1998, Housley et al., 1999, Jarlebark et al.,
2000). When these receptors are expressed in a cell line, FM1-43 rapidly enters the cells upon
stimulation with ATP (Meyers et al., 2003). Likewise, stimulation of hair cells with ATP
enhances their FM1-43 uptake (Ph.D. thesis, MacDonald, 2002). In the cochlea, there is a
baseline presence of nanomolar concentrations of ATP in cochlear fluids. ATP is released in
the cochlea during development (Tritsch et al., 2007), in response to intense noise exposure
(Munoz et al., 2001), and by hypoxia (Munoz et al., 1995). Physical perturbation of the organ
of Corti, as might occur during a dissection, is a robust means of inducing ATP release from
supporting cells (Zhao et al., 2005). In light of the subcellular location of P2X receptors in hair
cells and the endogenous presence of extracellular ATP in cochlear tissue, P2X receptors could
partially mediate rapid styryl dye entry into hair cells, producing a spatial pattern similar to a
transduction-mediated mechanism. Lending support to this idea, stimulation of P2X receptors
in some cells confers permeability to large dye molecules (e.g., ethidium bromide and YO-
PRO-1), thought to be due to dilation of the channel pore (Virginio et al., 1999, Chaumont and
Khakh, 2008, Yan et al., 2008) or secondary activation of pannexin hemichannels (Pelegrin
and Surprenant, 2006). Here, by using molecular and pharmacological techniques, we test the
hypothesis that rapid styryl dye entry into hair cells can occur via a P2X-mediated mechanism.

Experimental Procedures
Tissue preparation for dye experiment

White leghorn chickens (G. gallus) were hatched in-house from embryonated eggs obtained
from the Michigan State University Poultry Teaching and Research Center. Chicks, 5–10 days
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post-hatch, were anesthetized with ketamine and xylazine (approximately 40 mg/kg and 10
mg/kg, respectively, via intramuscular injection) and decapitated. The temporal bone was
opened, the partition between the round and oval windows was breached, and additional bone
was dissected away so that the cochlea could be pulled out of its bony encasement. The cochleae
were briefly treated (1 minute) with 0.01% protease dissolved in an artificial perilymph (AP)
saline (in mM: 154 NaCl, 6 KCl, 5 CaCl2, 2 MgCl2, 5 HEPES, at pH 7.4) in order to facilitate
further microdissection. After this treatment, the cochleae were transferred to a low-calcium
Hanks’ Balanced Salt Solution (LCHBSS: Gibco 14175 HBSS (Invitrogen) with 50 μM
CaCl2 added as 0.1 M CaCl2). To improve reagent access to sensory hair cells, the tegmentum
vasculosum and tectorial membrane were removed.

Dye treatment
Cochleae were kept in LCHBSS (control) or put in LCHBSS containing pharmacological
agents before exposure to AM1-43 (pretreatment). In one set of experiments, a 15 minute
pretreatment with 5 mM ethylene glycol-bis(2-aminoethylether)-N,N,N′, N′-tetraacetic acid
(EGTA, Sigma) was used to disrupt tip links in order to inhibit dye entry through
mechanotransduction channels. In experiments with P2X antagonists, a 5 minute pretreatment
was used. The antagonists were pyridoxalphosphate-6-azophenyl-2′,4′-disulfonic acid
(PPADS, Tocris Bioscience, 100 μM), suramin (Sigma, 100 μM), 2′,3′-O-(2,4,6-
Trinitrophenyl) adenosine 5′-triphosphate (TNP-ATP, Sigma, 1 or 100 μM) and d-tubocurarine
(Sigma, 200 μM or 2 mM). Additionally, 100 μM carbenoxolone (CBX, Sigma), an efficient
blocker of gap junctions and related hemichannels, was used to test for dye entry through
pannexin hemichannels using a 1 hour pretreatment. After pretreatment with a pharmacological
agent or control saline, cochleae were exposed to LCHBSS with 5 μM AM1-43 (Biotium), a
fixable analogue of FM1-43. The working dye solution was made from a concentrated stock
solution daily. Except in the case of EGTA, the pharmacological agent used in the pretreatment
was also present during the exposure to dye. The EGTA pretreatment solution was washed
away with LCHBSS before exposing the tissue to dye. Exposure to the dye was for 1 minute,
and it was immediately followed by three 30-second washes in LCHBSS containing 500 μM
Advasep-7 (CyDex, Inc.) to remove stray AM1-43. After washing, cochleae were fixed (4%
paraformaldehyde, 1 hour), washed in 0.12M phosphate buffer, and mounted on slides for
fluorescence microscopy and digital imaging. The corresponding control tissues were handled
similarly to the treated tissues, except for the omission of the pharmacological agent that was
being tested.

Imaging and image analysis
The mounted tissue was viewed on a Leica DM LB fluorescence microscope. Images were
acquired through a GFP filter with a cooled-CCD color digital camera (MicroPublisher,
QImaging) using the same exposure settings for comparisons between drug and the
corresponding non-drug control. AM1-43 fluorescence intensity in hair cells was quantified
using MetaMorph image analysis software (Molecular Devices). Eliptical regions of interest
(ROIs) that corresponded closely to the perimeter of individual hair cells were defined in the
raw fluorescence images, and the fluorescence intensity within the ROIs was quantified in
arbitrary units (Figure 1). When fluorescence intensity was below visual detection levels, ROIs
were defined from transmitted light images. For each piece of tissue examined, the intensity
of signal in 4 to 20 ROIs was averaged to give a value for that piece of tissue. This value was
then averaged across all pieces of tissue subjected to a given experimental condition to give a
mean ± standard error of the mean (SEM). The condition means were compared using an
unpaired Student’s t-test, and p < 0.05 was the criterion for statistical significance. For the
images of AM1-43 loading, the only manipulations performed on the raw images were
cropping, the addition of a scalebar and ROI labels, conversion to CMYK colorspace, and
resizing.
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ATP measurement
Cochleae were obtained as described above using the AP saline in place of LCHBSS. For each
experiment, papillae were dissected, transferred to a microcentrifuge tube (2 papillae per tube),
and incubated for 5 min in 200 μl of fresh AP. After this time period elapsed, the entire 200
μl of saline was collected and stored on ice. Fresh AP was added to the papilla samples, and
the procedure was repeated for two more 5 minute intervals. Care was taken to perform solution
exchanges without disturbing the tissue samples. Sterile reaction vessels and certified ATP-
free plasticware were used throughout the procedures.

The concentration of ATP released from the cochlear samples ([ATP]o) in each of the time
intervals was measured with a single-tube luminometer (Cardinal Associates, Inc., Turner
Model 20 Photometer) using a luciferin-luciferase ATP Assay Mix (FLAAM, Sigma-Aldrich).
The assay mix was diluted 10-fold with dilution buffer. For each fluid sample, 100 μl of the
diluted assay mix was added to a reaction vessel and allowed to sit at room temperature for 30
minutes while protected from light. After this time, an equal amount of fluid sample was added
to the assay mix, swirled, and measured in the luminometer. The luciferin-luciferase reaction
occurs quickly leading to a rapid decrease in the amount of light emitted over time. To limit
variance due to differences in time between the mixing of solutions and measuring of
luminescence, samples were placed in the luminometer precisely 20 seconds after mixing fluid
samples with the assay mix. Standard curves were generated using ATP standards (Sigma-
Aldrich) serially diluted in HPLC-grade water covering a concentration range of 20 pM to 2
nM ATP.

Estimate of local ATP concentration
The amount of ATP local to the release site (i.e., the basilar papilla) was estimated using a
diffusion model. This model was developed for the experimental conditions described for the
luciferin-luciferase assay and subsequently applied to the dye-labeling experiments to estimate
the local concentration of ATP at the end of the one-minute dye incubation. The two basilar
papillae in the luciferin-luciferase assay were approximated as a point source releasing ATP
at a steady flux rate along a single dimension (i.e. the height of the reaction tube). This situation
can be modeled by the one-dimensional diffusion equation for a semi-infinite domain (Mei,
1997), given by:

(Eq. 1)

where c is the concentration of ATP in moles per unit distance x at time t and D is the diffusion
constant for ATP. A value of 700 μm2/s was chosen for D based on a previous report that
experimentally determined the diffusion constant for Na2ATP in water (Hazel and Sidell,
1987). The initial concentration of ATP at any point in the bulk solution was assumed to be
zero, resulting in the initial condition c(x,0) = 0. Assuming the diffusion is rather limited
compared with the height of the fluid column in the tube, we can assume a boundary condition
of c(∞,t) = 0. Since repeated samples from the same papillae gave relatively similar values of
bulk ATP (see Results), we have modeled the release of ATP as a constant flux rate (A) at the
point source, given by:

(Eq. 2)

Using these initial and boundary conditions, the solution to Equation 1 takes the form:
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(Eq. 3)

which can be solved to get the closed-form solution:

(Eq. 4)

The concentration of ATP in bulk solution after 5 minutes (see Results) was about 1 nM for
two papillae submerged in a fluid volume of 200 μl. A value for the flux rate, A, was determined
by integrating concentration and equating this to the total amount of ATP in the bulk solution,
or:

(Eq. 5)

The numerical integration of Equation 5 at the 5-minute time point allowed us to determine
A as 9.55 × 10−19 moles/μm2.

P2X and Pannexin expression analysis
Cochlear tissue samples were harvested as described above, treated with protease, and
microdissected in AP to expose the sensory epithelium. All procedures were conducted under
RNase free conditions. Sensory epithelia, consisting of hair cells and supporting cells, were
dissected free from the basilar membrane and transferred to RLT extraction buffer with β-
mercaptoethanol (Qiagen). RNA from accessory tissues disrupted during the dissection is
probably transferred along with the sensory epithelia. To account for the contribution of this
RNA, dissection saline was sampled after removal of the epithelia and tested in parallel with
tissue samples. Total RNA was extracted and purified using RNeasy Micro Kits (Qiagen).
Reverse-transcribed cDNA was synthesized from 1–5 μg of total RNA using SuperScript III
reverse transcriptase according to the manufacturer’s instructions (Invitrogen). The first-strand
synthesis reaction was performed at 50°C for 60 minutes, then inactivated at 70°C for 15
minutes.

PCR reactions were performed with 100–500 ng template cDNA in the presence of 2.5 U of
Platinum Taq DNA polymerase (Invitrogen), 2 _mM MgCl2, 0.2 mM dNTP mix (Invitrogen),
0.2 μM of each primer, and enough magnesium-free PCR buffer to reach a reaction volume of
50 μl. Amplification was performed in a thermal cycler (Mastercycler, Eppendorf) over 35
cycles following an initial denaturing step to 94°C for 5 minutes and concluding with an
extension for 10 minutes at 72°C. Each cycle included a step to 94°C for 45 seconds (denature),
a step to 60°C for 45 seconds (anneal), and a step to 72°C for 2 minutes (extension). PCR
primers (Table 1) were designed using Primer3 0.4.0 web-based software
(http://frodo.wi.mit.edu/) and synthesized by Invitrogen. PCR products were electrophoresed
on a 1.0% agarose gel and digitally imaged to determine size. The gel images are brightness-
inverted for presentation.

Results
AM1-43 rapidly entered hair cells of the chick basilar papilla, robustly labeling these cells
during a 1 minute exposure to the dye. The exemplar image in Figure 1 is taken at the level of
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hair cell nuclei from a region along the inferior edge of the basilar papilla. Dye label was
excluded from the nucleus and interstitial supporting cells while effectively labeling the
cytoplasm of hair cells. Loading the cytoplasm with dye on such a short time scale suggests
permeation through channels (Gale et al., 2001,Meyers et al., 2003), rather than uptake via
ongoing endocytosis (Meyer et al., 2001,Griesinger et al., 2002,2004). The variance in this plot
represents the standard error of the mean fluorescence within a single basilar papilla. The
mechanism behind this variable uptake of dye in a single piece of tissue is unclear, but it may
be attributed to a nonuniform distribution, activation, or functionality of channels that mediate
dye influx. Care was taken to measure fluorescence of hair cells throughout the papilla,
covering the full range of intensities present in the tissue. The data throughout the remainder
of this paper represent averages of the mean fluorescence from individual papillae.

The mechanosensitive transduction channels represent one pathway through which styryl dyes
can rapidly enter hair cells (Nishikawa and Sasaki, 1996, Gale et al., 2001, Meyers et al.,
2003). Tip links are fine filamentous linkages between stereocilia and are believed to
mechanically gate the hair cell transduction channels (for review of transduction, see Vollrath
et al., 2007). Destruction of tip links with the calcium chelators, EGTA or BAPTA, abolishes
macroscopic transduction responses (Marquis and Hudspeth, 1997) and therefore should be an
effective means of preventing rapid dye loading through this avenue. Pretreatment of the chick
basilar papilla with 5 mM EGTA decreased loading of hair cells with AM1-43, although the
block was incomplete (Figure 2A and B). Exposure of turtle hair cells to solutions containing
the calcium chelators, HEDTA or BAPTA, at 5 mM concentration leaves about two
transduction channels still able to gate (Crawford et al., 1991, Ricci et al., 2003). The same
might be expected to occur in chick auditory hair cells, where 2 mM EGTA decreases the
number of identifiable tip-links by 86% (Duncan et al., 1998). Yet, AM1-43 fluorescence
intensity decreased to just over half the level seen in control tissue treated similarly without
the addition of EGTA. This result is comparable to a previous report using treatment with the
tip link breaker, BAPTA (5 mM), to block FM1-43 uptake in frog saccular hair cells (Meyers
et al., 2003). One possible explanation is that a modicum of surviving tip links after EGTA
treatment is capable of allowing substantial dye accumulation. Another possibility is the
existence of other avenues of fast dye entry.

There are several lines of evidence implicating P2X-family ATP receptors as alternative means
of dye permeation. Expression of P2X2 receptors in a cell line has been shown to confer FM1-43
permeability (Meyers et al., 2003). Likewise, application of ATP to frog saccular hair cells
increases their FM1-43 accumulation (MacDonald, 2002, Ph.D. thesis). The organ of Corti of
mammals, the analogous structure to the chick basilar papilla, releases ATP into its
extracellular environment (Zhao et al., 2005), thus hair cells are potentially exposed to an
endogenous ligand for P2X receptors. Several P2X receptor subunits are expressed in
mammalian hair cells, but expression in the chick inner ear has yet to be described, although
chick hair cells show ATP-induced current and Ca2+ responses (Shigemoto and Ohmori,
1990). P2X1, 2, 3, 4, and 7 are in mammalian hair cells, with P2X3 primarily expressed early
in development (Szucs et al., 2004, Huang et al., 2006). Four P2X receptor subunits have been
cloned from chicken, including P2X1, P2X4, P2X5, and the novel isoform P2X8 (Bo et al.,
2000, Bo et al., 2001, Ruppelt et al., 2001, Soto et al., 2003). A predicted sequence for chick
P2X7 is present in Genbank, but this putative homolog has not been independently cloned from
native chick tissues. Transcripts for chick P2X2, P2X3, and P2X6 have yet to be reported. We
performed PCR using chick sensory epithelium to identify the purinergic receptor transcripts
expressed in the basilar papilla. Primers to chick P2X1, 4, 5, and 8 (Table 1) were designed
based on published sequences. Gene products encoding each of these receptor subunits were
found (Figure 3A), with each primer set producing a band of the expected size (Table 1).
Although more work is required to fully understand purinergic signaling in the chick cochlea,
these results indicate that the chick sensory epithelium expresses P2X-family receptor subunits.
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These subunits, or other homologs that have yet to be found, may contribute to dye-uptake if
ATP is natively available to stimulate them.

A luciferin-luciferase reporter assay was employed to assess the amount of ATP released from
acutely dissected chick basilar papillae. Serially diluted ATP standards were used to calibrated
the detection system, which had a linear response down to 20 pM ATP (Figure 3B). Saline
bathing the dissected tissue was sampled three times at 5-minute intervals to detect immediate
and sustained ATP release from the basilar papillae. Chemiluminescent measurement of these
saline samples revealed that ATP is released from the chick basilar papilla, producing
nanomolar concentrations in the bulk saline (Figure 3B). Repeated measures from separate
incubations in fresh saline gave statistically similar concentrations, indicating that the papillae
steadily release ATP into the external solution, similar to results from guinea pig cochlea
reported elsewhere (Zhao et al., 2005). The measured concentration reflects the total of the
ATP accumulated at the release site and the ATP that steadily diffused into the solution.
Therefore, the local concentration at the tissue was likely much higher than the concentration
measured in the bulk saline. We estimated the local concentration of ATP by calculating the
accumulation in a 100-μm thick cylindrical disk at the bottom of the reaction tube (i.e. near
the tissue) using the one-dimensional diffusion equation described in Experimental Procedures.
The local concentration for the experimental conditions in the luciferin-luciferase assay was
estimated as 6.2 μM. For the AM1-43 dye loading studies, accumulation over 1 minute for a
single papilla was estimated to achieve a local concentration of 2.4 μM. These estimates are
on par with the concentrations that activate cloned P2X receptors (North and Surprenant,
2000) and ATP currents in hair cells (Nakagawa et al., 1990, Yu and Zhao, 2008). Thus, ATP
was available for the stimulation of P2X receptors in the basilar papilla.

Consistent with the observations of ATP release and P2X receptor expression, drugs that block
P2X receptors were effective in decreasing hair cell uptake of AM1-43. Compounds tested
were PPADS, suramin, TNP-ATP, and d-tubocurarine, all of which have inhibitory actions on
P2X receptors (Glowatzki et al., 1997, Burgard et al., 2000, Li, 2000, Surprenant et al., 2000,
Trujillo et al., 2006). Blocker dependent action on dye uptake was assessed by pre-incubating
the chick basilar papilla with the antagonist for 5 minutes, then applying AM1-43 in the
presence of the drug. PPADS (100 μM) decreased AM1-43 fluorescence by 69% (Figure 4A
and B). Suramin (100 μM) was comparably effective, blocking 85% of the dye signal in hair
cells. The compound TNP-ATP can be used to distinguish between receptors incorporating
P2X1 or P2X3 subunits and those possessing only P2X2, P2X4, or P2X7 subunits (Virginio et
al., 1998). A concentration of 1 μM completely blocks P2X1- or P2X3-containing receptors,
while 100 μM or more is necessary to block receptors comprised of only P2X2, P2X4, or
P2X7 subunits. In the dye assay, the difference in fluorescence between 1 μM TNP-ATP and
control was statistically insignificant, while 100 μM TNP-ATP was as effective as PPADS and
suramin at blocking dye entry (Figure 5A). The TNP-ATP data suggest that a pathway for
AM1-43 entry is through homomeric P2X2, P2X4, or P2X7 receptors. In light of the effects of
PPADS and suramin, which have IC50s in the 50-500 μM range for P2X4 and P2X7 receptors
(North and Surprenant, 2000), the pharmacology points toward the involvement of a P2X2 or
a P2X2-like receptor.

The actions of PPADS, suramin, and TNP-ATP on mechanotransduction are currently
unknown, leaving the possibility that these blockers inhibited dye entry through transduction
channels. However, the effect of another compound, tubocurarine, on both hair cell
transduction and P2X2 receptor currents has been previously evaluated. In turtle auditory hair
cells, tubocurarine completely blocks mechanotransduction at a concentration of 100 μM
(Farris et al., 2004). Likewise, in mouse outer hair cells, 100 μM blocks the transduction
current, while it spares about 50–60% of ATP-activated current. At least 1 mM is needed to
block nearly all of the ATP-induced currents. The dose-response curve for blockade of ATP-
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induced currents in mouse hair cells is identical to the curve seen in xenopus oocytes expressing
P2X2, strongly suggesting that ATP-induced currents in mouse hair cells are mediated by
homomeric P2X2 receptors. Therefore, tubocurarine can be used to distinguish between an
effect on mechanotransduction channels versus P2X2 or P2X2-like receptors. With 200 μM d-
tubocurarine, there was no statistically significant difference in the loading of chick hair cells
with AM1-43, compared to the control condition (Figure 5B). However, 2 mM d-tubocurarine
decreased hair cell fluorescence by 72%, which is similar to the effect of the other P2X
antagonists described above. The implication is that dye entry was preserved when transduction
was blocked but substantially impeded when d-tubocurarine was concentrated enough to block
P2X2 receptors. Therefore, it appears that P2X2 or a P2X2-like receptor can mediate the entry
of AM1-43 into chick hair cells.

Permeability to the large dye molecule, ethidium bromide, is sometimes induced through
activation of pannexin hemichannels upon stimulation of P2X7 receptors (Pelegrin and
Surprenant, 2006). Finding that P2X antagonists significantly decreased the entry of AM1-43,
we explored the involvement of secondary activation of pannexin hemichannels in the dye-
loading of hair cells. Using PCR primers for pannexin-1, -2, and -3, we probed the isolated
sensory epithelium of the chick cochlea for the three pannexin subtypes. All three subtypes
were detected, indicating expression in hair cells or supporting cells (Figure 6A). Therefore,
pannexins could play a role in the P2X-mediated entry of AM1-43. To test this possibility, we
used 100 μM CBX, which is capable of blocking both connexin and pannexin hemichannels
at this concentration (Bruzzone et al., 2005). Despite the presence of pannexin mRNA,
treatment of the basilar papilla with 100 μM CBX failed to significantly decrease AM1-43
uptake by hair cells (Figure 6B). Considering that the tissue for the CBX experiment was
pretreated longer than the tissue for the P2X antagonist experiments (1 hour vs. 5 min
pretreatment), the controls for CBX and PPADS/suramin were compared (Figure 6B). The lack
of CBX effect could have been due to diminished dye entry through a CBX-sensitive route
over time. The dye loading of both control groups, however, was the same, so it appears unlikely
that time affected the mechanism of dye loading. While we cannot rule out the participation
of CBX-insentive hemichannels, the absence of a detectable CBX effect gives credence to the
idea that the P2X antagonists prevented influx of dye flowing through the channels of P2X
receptors, rather than through secondarily activated pannexin hemichannels.

Discussion
The evidence that styryl dyes rapidly enter hair cells though transduction channels is
compelling. The most straight-forward support for the involvement of transduction channels
comes from experiments where fluorescence was visualized during dye application. In frog
sacular hair cells, loading with FM1-43 when the dye is streamed over the apical epithelial
surface occurs only when the flow of dye deflects the hair bundles in the excitatory direction
(i.e., the direction that opens transduction channels, Meyers et al., 2003). This kind of
mechanical sensitivity is a hallmark of hair cell transduction channel function. The pattern of
dye accumulation in hair cells further supports mechanotransducer channel involvement. The
dye first enters the stereocilia and then progresses to the cell body, when the dye is applied to
the apical epithelial surface of the organ of Corti (Gale et al., 2001, Meyers et al., 2003) or
basilar papilla (Si et al., 2003). Likewise, focal application of dye to the tips of stereocilia
causes a similar pattern (Meyers et al., 2003). Pharmacological evidence is also consistent with
transduction channels acting as an intermediary for dye loading. For example, BAPTA or
EGTA pretreatment has decreased the loading of hair cells with dye (Gale et al., 2001, Meyers
et al., 2003). Aminoglycoside antibiotics and Gd3+, which are known transduction blockers
(Kroese et al., 1989, Kimitsuki et al., 1996), displayed good efficacy in preventing styryl dye
uptake (Geleoc and Holt, 2003, Meyers et al., 2003, Cheatham et al., 2004). Finally, genetics
also suggest transduction channel involvement, because dye accumulation is prevented in hair
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cells with a mutation in myosin VIIa that shifts the activation range of transduction so that
there is no current in the resting hair bundle (Gale et al., 2001). Taken together, these results
suggest that styryl dyes enter hair cells via transduction channels, but it is difficult to conclude
from these data that the dyes flow only through this pathway.

For nearly every piece of evidence above in favor of the role of transduction, there is a point
of concern that casts doubt on this interpretation when P2X receptors are considered. The flow
of dye from stereocilia to the cell body when it enters the cell could be produced by P2X
receptors, due to their localization on the stereocilia. The tip-link-breaking actions of BAPTA
and EGTA make them robust inhibitors of transduction, but these compounds chelate calcium,
which could have affected a number of calcium-dependent processes. Moreover, EGTA and
BAPTA eliminate only about half the dye signal (in this paper and Meyers et al., 2003), despite
virtually eliminating mechanotransduction. While aminoglycosides and Gd3+ act as
transduction channel blockers, aminoglycosides can block ATP-activated currents in hair cells
(Lin et al., 1993) and Gd3+ blocks P2X receptors (Nakazawa et al., 1997). Finally, it is unknown
if the mutation in myosin VIIa affects the activity of other channels, but the presence of myosin
VIIa throughout hair cells suggests that non-transduction related functions could be disrupted
by the mutation. The sensitivity of dye loading to the direction of hair bundle movement
remains as strong evidence in support of transduction channels. However, the other evidence
is equivocal, possibly reflecting a contribution by P2X receptors.

In the current report, we present evidence that AM1-43 can enter hair cells rapidly through a
P2X-mediated route, activated by endogenously released ATP. While EGTA pretreatment
decreased dye loading, drugs that block P2X receptors were more effective. Pannexin
hemichannels have been implicated in the entry of the large dye molecules, ethidium bromide
and YO-PRO-1, into cells upon stimulation of P2X receptors. Although we found that the chick
basilar papilla expresses pannexins, we detected no effect of CBX, a drug that blocks pannexin
pores. Therefore, we postulate that AM1-43 can enter hair cells directly through P2X receptors,
rather than through a secondary mechanism involving pannexins.

An alternative explanation of the results is that the P2X antagonists had their effects on hair
cell dye accumulation by blocking transduction channels. Indeed, there is evidence of
overlapping pharmacology between transduction and P2X channels. For example, amiloride,
neomycin, and the aforementioned d-tubocurarine, all compounds that are transduction channel
inhibitors (Ohmori, 1985, Jorgensen and Ohmori, 1988, Housley et al., 1992, Glowatzki et al.,
1997), also block ATP gated currents in hair cells (Housley et al., 1992, Lin et al., 1993,
Glowatzki et al., 1997). It is conceivable that PPADS and suramin, both non-competitive P2X
receptor antagonists, also inhibit transduction channels, although suramin reportedly does not
affect putative standing transduction channel current remaining after tip-link loss (Meyer et
al., 1998). Cross-pharmacology is a possibility for TNP-ATP as well, considering that it has
been observed to inhibit voltage-gated sodium and potassium currents and currents through 5-
HT3 and N-methyl-D-aspartate receptors (Surprenant et al., 2000). For d-tubocurarine,
however, we were able to take advantage of the separation between its inhibition of transduction
and ATP-receptor currents in hair cells to tease apart effects at the two sites. At a concentration
that blocks transduction current but preserves about half of the ATP-induced current, the mean
intensity of dye signal was slightly less than control, but this difference was not statistically
significant. It was only when the concentration of tubocurarine was high enough to block both
types of current that AM1-43 uptake was prevented. This suggests that the AM1-43 entry into
hair cells was dependent primarily on P2X receptors under our experimental conditions, with
no explicit hair bundle stimulation.

There was substantial variability in the intensity of dye signal between papillae under control
conditions (see Figure 4B, for example) that might reflect differential activation of P2X
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receptors caused by the level of ATP release. Factors such as the degree of tissue perturbation
and length of time to remove the tissue from the animal could have influenced the degree to
which P2X receptors were activated by tissue ATP release and how much the receptors
contribute to dye entry. Therefore, if using styryl dyes such as AM1-43 or FM1-43 as probes
for hair cell mechanotransduction, the degree of ATP release and P2X receptor activation
should be carefully considered. Under some circumstances, there might be little or no
contribution by ATP-gated channels. For example, with isolated hair cells, extracellular ATP
might be washed away and remain absent without a source of ongoing release. In other
situations, such as with the whole auditory epithelium used here, ATP released by supporting
cells might strongly activate purinergic receptors of hair cells. Consequently, caution must be
exercised in concluding that rapid loading of hair cells with styryl dyes indicates the activity
of hair cell transduction channels. Such an interpretation is made more sound if rapid dye
loading were to be blocked by highly selective transduction channel antagonists, which are
currently unavailable. Failing that, rapid styryl dye uptake in the absence of explicit mechanical
stimulation of the hair bundle only indicates that some dye-permeable channel type is active.
These additional channels should be taken into account, at least in part by examining the effects
of P2X receptor antagonists. The results highlight the importance of developing better
mechanotransduction channel antagonists and the complexity of using styryl dyes to indicate
activity of those channels.
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Figure 1. Measurement of AM1-43 fluorescence in hair cells
Eliptical regions of interest (ROIs) were drawn around representative hair cells for measuring
fluorescence intensity. In order to be included in the analysis, ROIs had to include a single hair
cell with clearly defined borders and a logitudinal axis that was parallel with the optical axis.
Suitable ROIs were devoid of debris and label outside the focal plane. The outlines were drawn
to encapsulate hair cells only. Care was taken to ensure that ROIs covered the full range of
intensities exhibited by cells across the image. Each circle in the plot represents the
fluorescence intensity of a cell in the example image. The bar represents the mean of the
individual cell intensities (error bar = SEM), which is the fluorescence value for this piece of
tissue.
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Figure 2. Partial block of AM1-43 entry into hair cells by EGTA
A. Example images of chick basilar papilla exposed to AM1-43 after pre-treatment with saline
containing 5 mM EGTA or lacking EGTA (control). Scale bar represents 10 μm and applies
to both images. B. Plot of AM1-43 fluorescence expressed as percent of the mean control value.
Each circle represents the individual fluorescence value for a papilla. Bar graphs represent the
mean of the papilla values for the experimental condition (error bars = SEM). Fluorescence
was approximately halved by treatment with the tip-link breaker, EGTA. * p < 0.05.
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Figure 3. Basilar papilla P2X receptor expression and ATP release
A. PCR amplification was used to probe the chick sensory epithelium for expression of
P2X1, 4, 5, and 8. Bands at the expected sizes were found for all four isoforms (see Table 1).
No bands were seen when dissection saline was assayed (data not shown). B. ATP was
measured in the bathing solution of isolated basilar papillae by a chemiluminescent assay in
order to determine if there is ATP released from this tissue. The left plot displays the mean
ATP standard curve, demonstrating the linearity and sensitivity of the assay. The right plot
shows the concentration of ATP accumulated in saline bathing two basilar papillae (n = 10
trials). The sample numbers represent successive 5-minute incubations of the same tissue in
fresh saline. There were no statistically significant differences in [ATP]o between the samples.
Error bars = SEM for both plots.
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Figure 4. Effect of the P2X antagonists, PPADS and suramin, on AM1-43 entry
A. Example images of AM1-43 treated chick basilar papilla in the presence or absence (control)
of P2X receptor antagonists. Fluorescence was essentially eliminated by both PPADS and
suramin in these specimens. Both suramin images show the same area of the papilla, but the
second image used a longer exposure to show that hair cells and a low level of fluorescence
were present. Scale bar represents 10 μm and applies to all images. B. Plot of the effect of 100
μM PPADS and 100 μM suramin. Both PPADS and suramin blocked hair cell uptake of
AM1-43 by at least 69%. The plot conventions are the same as in Figure 2B. * p < 0.05.
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Figure 5. Pharmacological dissection of channel identity
A. The P2X antagonist, TNP-ATP, can be used to distinguish between receptors incorporating
P2X1 or P2X3 subunits and those possessing only P2X2, P2X4, or P2X7 subunits. At a
concentration of 1 μM the difference compared to control was statistically insignificant, but at
100 μM hair cell fluorescence was decreased by 87%, indicating possible involvement of a
homomeric P2X2, P2X4, or P2X7 receptor. B. To distinguish between an effect on transduction
channels versus P2X receptors, d-tubocurarine was used at 200 μM and 2 mM. The 2 mM
concentration should block both transduction channels and P2X2 receptors, while the 200 μM
concentration should spare P2X2 receptors. Only when P2X2 receptors were spared (200 μM
d-tubocurarine) was there substantial dye loading compared to control. The 2 mM
concentration had a significant effect on fluorescence, decreasing it by 72%, suggesting a
decrease in AM1-43 loading due to blockade of P2X2-like receptors. The plot conventions are
the same as in Figure 2B. * p < 0.05.
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Figure 6. Pannexins and AM1-43 loading of hair cells
A. Pannexins-1, -2, and -3 were detected in isolated chick basilar papilla (sensory epithelium)
by PCR amplification. For the sensory epithelial tissue, bands at the expected sizes were
generated for all three isoforms (see Table 1). These bands were much more intense than those
obtained from the dissection saline that contained the tissue, used as a control. B.
Carbenoxolone (CBX, 100 μM), a blocker of pannexins and connexins, was ineffective at
blocking AM1-43 uptake by hair cells. No statistically significant difference was detected
between the fluorescence with CBX treatment and that of similarly handled control tissue.
Since the pretreatment duration in this experiment (1 hour) was substantially longer than the
pretreatment with the P2X drugs (5 min), the PPADS/suramin control data are shown for
comparison, as a percentage of the CBX control. The fluorescence of this group was statistically
indistinguishable from the CBX control. The plot conventions are the same as in Figure 2B.
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Table 1

PCR primers for chick P2X and pannexin genes

Gene Name Accession Number Primer direction Primer sequence

Expected size
of PCR
product

P2X1 NM_204519 forward
reverse

ACATCTGGGATGTGGTGGAT
AAAATGCAGCAGGAGCAGAT

824 bp

P2X4 NM_204291 forward
reverse

TCCAGGATCTGGGATGTAGC
ATCCGGTTCTCCTCTTTGGT

1058 bp

P2X5 NM_204748 forward
reverse

CAGACTTCGCTGGGTTCTTC
CTGAAGCCCCTGAAGACTTG

997 bp

P2X8 AF_205066 forward
reverse

GCTACCCCAGATCAGATCCA
GAAGAACCCAGCGAAGTCTG

1007 bp

Pannexin-1 XM_001235338 forward
reverse

CTCACCTCTCTTCGGACCTG
TGATGGTGCAGAGAAACTCG

348 bp

Pannexin-2 XM_424545 forward
reverse

TTATGCACTGCTGGCTTTTG
ATCCTCTGGAGCTGGACAGA

492 bp

Pannexin-3 XM_001231502 forward
reverse

CTGCCCTTCACTCTGACCTC
CTGCAGGGCACTGTAGATGA

479 bp
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