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Using video, fluorescence and confocal microscopy, quantitative analysis and modeling, we investigated
intracellular processes mediating the calcium/calmodulin (Ca2+/CaM)-dependent slow motility in hair
cells dissociated from the rostral region of amphibian papilla, one of the two auditory organs in frogs.
The time course of shape changes in these hair cells during the period of pretreatment with several spe-
cific inhibitors, as well as their response to the calcium ionophore, ionomycin, were recorded and com-
pared. These cells respond to ionomycin with a tri-phasic shape change: an initial phase of iso-volumetric
length decrease; a period of concurrent shortening and swelling; and the final phase of increase in both
length and volume. We found that both the myosin light chain kinase inhibitor, ML-7, and antagonists of
the multifunctional Ca2+/CaM-dependent kinases, KN-62 and KN-93, inhibit the iso-volumetric shorten-
ing phase of the response to ionomycin. The type 1 protein phosphatase inhibitors, calyculin A and oka-
daic acid induce minor shortening on their own, but do not significantly alter phase 1 response. However,
they appear to counter effects of the inhibitors of Ca2+/CaM-dependent kinases. We hypothesize that an
active actomyosin-based process mediates the iso-volumetric shortening in the frog rostral amphibian
papillar hair cells.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

In addition to the prestin-mediated ultra-fast electromotility
(Dallos and Fakler, 2002), mammalian outer hair cells (OHCs) also
exhibit a ‘‘slow” motility, in the form of length changes with a
rather variable time scale, from microseconds to minutes (Schacht
et al., 1995; Dallos et al., 1997; Puschner and Schacht, 1997). Slow
motility has been suggested to act as a ‘‘gain control” mechanism
that modulates or adapts the positive feedback provided by the
OHCs’ electromotile apparatus (Lim and Kalinec, 1998), and pro-
vides some protection against acoustic overstimulation (Reiter
and Liberman, 1995). Slow motility in OHCs can be induced by a
number of biochemical agents, including the presumed efferent
nerve neurotransmitter, acetylcholine (ACh). ACh binds to and acti-
vates the ionotropic nicotonic cholinergic receptor in the OHCs,
and induces an inward cationic current predominantly carried by
ll rights reserved.
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Ca2+ (Blanchet et al., 1996). Strategically-located Ca2+-activated
K+ channels translate the Ca2+ entry into K+ exit, leading to the cell
membrane hyperpolarization, in the micro- to milli-second time
scale (Housley et al., 1992), changing the operating point of the
prestin motor.

The signal transduction cascades mediating the slower compo-
nents of the ACh effect on OHCs are not completely understood.
ACh promotes a reduction in the OHCs’ global stiffness, and thus
an increase in the magnitude of electromotility (Dallos et al.,
1997), possibly by causing Ca2+-dependent phosphorylation of
some elements of the OHCs’ cortical lattice (Szonyi et al., 1999a).
However, OHCs’ stiffness has also been found to be voltage-depen-
dent (He and Dallos, 1999). More recent studies suggest that up to
54% of the global stiffness is contributed by the prestin-containing
plasma membrane, which is also modulated by ACh (He et al.,
2003a). Frolenkov et al. (2000) suggested that intracellular calcium
([Ca2+]i) both modulates the OHCs’ cytoskeletal stiffness, and shifts
the voltage sensitivity of the electromotile mechanism. The effects
of the [Ca2+]i increase on electromotility could be inhibited by the
calmodulin antagonists, W-7 (Szonyi et al., 2001) and trifluopera-
zine, as well as by KN-62, an inhibitor of the multifunctional
Ca2+/calmodulin-dependent kinases (Sziklai et al., 2001). In addi-
tion, Ca2+-independent regulatory mechanisms involving cGMP-
(Szonyi et al., 1999) and Rho-GTPases (Kalinec et al., 2000; Zhang
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et al., 2003) dependent phosphorylation/dephosphorylation of dif-
ferent elements of the electromotile machinery have been pro-
posed. While the cGMP-dependent pathway may target the
prestin motor itself (Deak et al., 2005), the Rho-GTPase-activated
cascade is suggested not to affect the prestin function (Zhang
et al., 2003). A notable difficulty in the study of slow motility in
OHCs has been the inability to isolate and investigate separately
the contribution of either cytoskeleton or the electromotile pro-
tein. He et al. (2003a) were able to abolish prestin activity in OHCs
by replacing the intracellular Cl� with pentane sulfonate. These
experiments may offer a way to study the role of non-prestin ele-
ments in the OHCs’ slow motility, in isolation. However, it needs to
be shown that intracellular Cl� replacement would not signifi-
cantly affect the activity of non-prestin components mediating
slow motility.

While hair cells in non-mammalian vertebrates share many
essential characteristics with their mammalian counterparts, they
appear to lack an electromotile protein in their plasma membrane
(He et al., 2003; Köppl et al., 2004). As such, auditory hair cells in
non-mammalian vertebrates provide us with a simple model to
study the contribution to slow motility of intracellular pathways
modulating the cytoskeletal structure, and thus hair cells’ geomet-
rical shape, without the influence of voltage-dependent transmem-
brane motile elements. Our goal is to provide a basis for comparing
the process of auditory hair cell slow motility in an amphibian with
that of its mammalian counterpart. Our research on the auditory
hair cells of the amphibian papilla, one of the two auditory organs
in the frog, has demonstrated that long rostral hair cells in this or-
gan, which are the predominant recipients of the efferent innerva-
tion (Simmons et al., 1995), but not shorter hair cells from the
medial and caudal regions of this organ, modulate their length in
response to application of neurotransmitters, acetylcholine and
ATP, as well as the calcium ionophore, ionomycin (Farahbakhsh
and Narins, 2004). The effects of aceylcholine could be mimicked
by carbachol and DMPP. However, the effect of the latter agonist
appeared to be irreversible (Farahbakhsh and Narins, unpublished
observations).

In a recent report (Farahbakhsh and Narins, 2006) we provided
evidence suggesting that in the rostral AP hair cells (RAPHCs) of the
northern leopard frog, Rana pipiens pipiens, increases in the [Ca2+]i

promote cell shape change. These changes are composed of two
partially-overlapping shortening phases: an initial rapid iso-volu-
metric contraction (phase 1), and a slower length decrease accom-
panied with swelling (phase 2), suggesting movement of salt and
water across the cell membrane in the latter phase. Usually, short-
ening was followed by a period of slow increase in both length and
volume (phase 3). We showed that it was possible to unmask the
iso-volumetric contraction by delaying the cell swelling with the
help of the K+ or Cl� channel inhibitors, quinine or furosemide.
Furthermore, we demonstrated that the initial longitudinal
contraction (phase 1) in these cells is Ca2+/calmodulin (Ca2+/
CaM)-dependent: in the presence of W-7 only a slow phase 2
response could be observed. These findings suggested that similar
to the mammalian auditory outer hair cells, the amphibian rostral
AP hair cells possess a Ca2+/CaM-dependent contractile mechanism
capable of mediating length changes in response to extracellular
stimuli.

In the present work, we have identified those processes
controlled by Ca2+ and calmodulin that might participate in the
iso-volumetric shortening response of RAPHCs to ionomycin. We
investigated the effects of three inhibitors of Ca2+/CaM-dependent
kinases, and two inhibitors of type 1 protein phosphatase. Our
results suggest that phosphorylation/dephosphorylation of myosin
light chain (MLC) may regulate the speed and extent of length
decrease during phase 1 response (see Fig. 7). We hypothesize that
iso-volumetric shortening in RAPHCs is mediated by an active
actomyosin-based mechanism. Preliminary reports of these find-
ings were presented at the 2006 and 2007 meetings of the Associ-
ation for Research in Otolaryngology (Farahbakhsh et al., 2006;
Farahbakhsh and Narins, 2007).
2. Methods

2.1. Dissociation of hair cells

Amphibian papillae (APs) were dissected out of pithed and
decapitated adult northern leopard frogs (Rana pipiens pipiens),
and hair cells were gently scraped free from trypsin-treated APs
in the recording chamber as described recently (Farahbakhsh and
Narins, 2006). The recording chamber was then placed on the stage
of an inverted microscope (Zeiss IM, Germany), and the hair cells
were continuously perfused with the AP solution, a perilymph-like
standard external solution (Bernard et al., 1986). The AP solution
contained (in mM): NaCl, 110; KCl, 2; CaCl2, 2; MgCl2, 0.8; D-glu-
cose, 3; HEPES, 10. pH was adjusted to 7.2, with NaOH. Osmolarity
was adjusted to 223–227 mosmol l�1 with a vapor pressure
osmometer (Vescor, model 5520, Logan, UT).

2.2. The chamber and experimental setup

The recording chamber consisted of a 35 mm plastic petri dish,
specially modified by cutting a hole about 14 mm in diameter into
its bottom and cementing a 25-mm microscope glass cover slip un-
der the hole with paraffin. A plastic insert was placed in the petri
dish to reduce the effective volume of the chamber to 300 ll, to
provide an input and output for the perfusion system and to hold
the thermometer probe. The rate of perfusion of cells was 1.4–
2 ml/min, which was maintained throughout each experiment. In
order to record the complete time course of the shape change,
we started each experiment by perfusing the hair cells for 10–
15 min with the AP solution, then treated them with inhibitors
and ionomycin through continued perfusion for durations exceed-
ing 10 min, and finally, washed out these chemicals by perfusing
with the AP solution alone. We ended every experiment by expos-
ing the cell to a hypo-osmotic solution. The experimental data was
accepted only if the cell responded to the hypo-osmotic shock with
further swelling, and intracellular granulation, indicating that the
cell membrane had remained intact throughout the experiment.

The microscope was equipped with a 100x/1.3 oil-immersion
plan-neofluar objective (Zeiss) and components of the differential
interference contrast (DIC) microscopy. A CCD camera (model
CCD-72, Dage-MTI, Michigan City, IN) were used to collect the
DIC images which were then displayed on a video monitor,
acquired by the image acquisition board for on-line analysis, and
recorded on videotape.

2.2.1. Hair cell length and volume measurements
For the off-line data analysis, individual DIC images were digi-

tized and displayed on the computer screen, and the contour of
the hair cell soma was traced manually. Then, the contour line
was analyzed using custom-made software to determine the cell’s
length and cross-sectional area. The cell’s average diameter and
volume were estimated as described previously (Farahbakhsh
and Narins, 2006). Since the images are acquired at video rate, it
is possible to follow the time course of changes in these four
parameters at the rate of 30 measurements per second. However,
for the experiments reported in this manuscript, it appeared that
analyzing one image per minute would be sufficient for most of
the experiments, except during the period of rapid shape change
in response to ionomycin (e.g. in Figs. 2 and 3) for which up to
six images per minute were analyzed.
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2.2.2. Data analysis
Changes in the measured length and estimated somatic volume

were calculated and compared between different episodes in each
experiment, and between similar experiments. In addition
we determined the iso-volumetric fraction of total shortening
(dLiso-V/dLtotal) for the duration of exposure to ionomycin. For the
sake of brevity, however, the parameters presented and discussed
are limited to only those required to show a significant drug-
induced effect. The assembled data for each group of similar
experiments was summarized and presented as mean ± standard
deviation (Fig. 6). Statistical significance was determined using
the one-way ANOVA, as indicated. p < 0.05 was considered statisti-
cally significant.

2.2.3. Model
For the analysis of shape changes in rostral amphibian papillar

hair cells, we modeled the cell’s soma as a truncated prolate spher-
oid that provided a better approximation than the cylindrical model
used for the outer hair cells (Iwasa and Chadwick, 1992). Details of
the development and application of this model to RAPHCs are pre-
viously reported (Farahbakhsh and Narins, 2006). Briefly, the mod-
el assumes that the three-dimensional geometry of the hair cell
can be approximated by a stack of thin slices cut perpendicular
to the longitudinal axis of the cell. Each slice is composed of two
semi-circular cylinders whose radius is equal to the distance be-
tween hair cell’s axis and contour in that slice. The thickness of
each slice is no more than one image pixel (0.16 lm). Thus, the vol-
ume of the hair cell is predicted to be the same as the sum of the
volumes of all such thin semi-circular cylinder pairs.

In order to validate this model, we utilized a laser scanning con-
focal microscope (Leica, model TCS SP). Cells were loaded with the
Ca2+-sensitive fluorescent dye, Fluo-3 (Molecular Probes, Eugene,
OR), and excited with the 488-nm line of an argon laser beam.
The emitted light between 500 and 550 nm was collected. The hair
cell was placed diagonally in a 40 lm by 40 lm square area, which
was scanned by the laser beam to form a 512- by 512-pixel confo-
cal image (resolution, 0.078 lm per pixel). In order to construct a
three-dimensional image of the cell, the scanning plane was moved
along the z-axis in steps of either 0.1 or 0.5 lm. A video clip show-
ing the 3D image of a RAPHC is posted at http://www.phy-
sci.ucla.edu/farahbakhsh/HAIR/3D.html. Fig. 1A and B shows
selected horizontal and vertical profiles of this cell’s 3D reconstruc-
tion, before and after application of 5 lM ionomycin, respectively.
As is demonstrated in these profiles, the confocally imaged hair cell
appears to have a depth larger than what its width suggests. As
shown in Fig. S1 of the Supplementary material, such an anomaly
is a direct result of light scattering in optical systems (e.g., the con-
focal microscope), that leads to spreading (blurring) of images, and
thus the egg-shape appearance of spherical objects. Fig. 1C and D
shows the result of deconvolution of images in Fig. 1A and B,
respectively. For deconvolution, we used both a theoretical point
spread function (PSF) included in the deconvolution software (Axi-
oVision, Zeiss, Germany), as well as the PSF we measured with our
confocal microscope, by imaging a 0.1-lm fluorescent bead (Tetra-
speck Microsphere, Invitrogen, Carlsbad, CA). Whereas, depending
on the strength of deconvolution used (mild, moderate or strong),
either PSF could remove a significant part of the halo surrounding
the image of hair cells, neither was able to completely correct the
distortion in vertical profiles (see Figs. 1C and D, and S1).

Despite artifactual deformation of the confocal images it was
still possible to validate our model. Fig. S2 shows the relationship
between the volumes predicted by our model with those measured
with confocal microscopy for five RAPHCs, after deconvolution
(using a moderate strength). The volume of each cell is shown be-
fore (solid symbols) and after (open symbols) treatment with 5 lM
ionomycin. The slope of the regression line is 1.19, and the corre-
lation coefficient >0.99. The ratio of volumes measured by the con-
focal microscope and predicted by our model was very close to
1.19 for four RAPHCs. This figure is also very close to the ratio of
the profiles for the 4.2 lm-diameter spherical bead shown in
Fig. S1: 1.21, for the moderate deconvolution with either PSF;
1.18 and 1.14, for the strong deconvolution with theoretical and
measured PSFs, respectively. If we calibrate our measurements
with the confocal microscope, using the ratio of 1.19, we find that
our model can predict the RAPHCs’ volume with an accuracy of
about 2%, despite the large changes in cells’ shape observed as a re-
sult of treatment with ionomycin.

It should be mentioned that for the fifth cell (the smallest in
Fig. S2), the volume ratio was 1:31. We attribute this deviation
to the fact that this cell did not adhere to the underlying glass cov-
erslip, and its longitudinal axis was quite tilted with respect to the
image plane. As a result, this cell’s volume was underestimated by
our model. The data from similar tilted cells are not included in this
study.

2.2.4. Measurement of intracellular Ca2+ concentration
For [Ca2+]i measurements, fura 2/AM (Molecular Probes, Eugene,

OR) was dissolved in DMSO at a final concentration of 5 lM (DMSO
would be diluted 1000 times). The hair cells placed in the recording
chamber were loaded with fura 2 in the AP solution for up to
30 min. This was followed by a 15–30 min washout and equilibra-
tion period which we have found necessary for stable [Ca2+]i mea-
surements. The excitation wavelengths were 340 and 380 nm, and
fluorescence emission was collected with an 80-nm-wide band-
pass filter centered at 510 nm (Tsien et al., 1985). During each
experiment, fluorescence intensity of several regions of interest
(ROI) along the length of the cell or just outside its boundary were
recorded, and the fluorescence level for all pixels within each ROI
was separately averaged for each excitation wavelength, and their
time-courses were followed (see Fig. 3A and C). In addition, the
fluorescence intensity in an area of the image devoid of any cell
or debris was recorded for each excitation wavelength, and used
as the background intensity to be subtracted from the fluorescence
intensity of each ROI. The fluorescence-ratio (R), was calculated for
each ROI as,

R ¼ S0340=S0380 ¼ ðS340 � SBG;340Þ=ðS380 � SBG;380Þ;

where S340 and S380 are the average fluorescence intensity emitted
in each ROI as a result of excitation at 340 and 380 nm, respectively;
SBG,340 and SBG,380, the background intensities; S0340 and S0380 are the
background-subtracted intensities for each ROI.

We estimated the [Ca2+]i at each time point in accord with the
method of Grynkiewicz et al. (1985):

½Ca2þ�i ¼ b� Kd � ðR� RminÞ=ðRmax � RÞ;

where Kd is fura-2’s dissociation constant for Ca2+; Rmin and Rmax are
the fluorescence-ratio in zero and saturating concentrations of cal-
cium, respectively. b is the ratio of fluorescence intensities in zero
and saturating [Ca2+]i when fura-2 is excited at 380 nm
(b ¼ S0f 380=S0b380, where subscripts f and b stand for the Ca2+-free
and bound forms of fura-2).

A large increase in the cell volume during phases 2 and 3 of re-
sponse to ionomycin significantly lowers the intracellular med-
ium’s ionic strength (which affects dye’s dissociation constant for
Ca2+), and dilutes fura-2 (that decreases the fluorescence intensity
and thus the signal-to-noise ratio). Because of these technical dif-
ficulties, we did not calibrate the absolute values of the [Ca2+]i in
every experiment. However, in six experiments we were able to
limit the ionomycin-induced hair cells’ volume change by increas-
ing the osmolarity of the calibration media with addition of
100 mM sucrose. Lower concentrations of sucrose were not as
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Fig. 1. Confocal microscopy of a RAPHC: (A) Selected profiles of the RAPHC before treatment with ionomycin. The vertical-axial (top panel), horizontal (three lower left
panels), and three transverse (right panels) profiles of a 3D-reconstructed image of the RAPHC are shown. The position of the transverse profiles are indicated by vertical lines
in their respective left panels (horizontal cross section). (B) Similar profiles of the RAPHC after it was treated with 5 lM ionomycin. (C) The same 3D image as in A, after
deconvolution with the measured PSF, with moderate-strength. (D) The same 3D image as in B, after moderate-strength deconvolution with the measured PSF.
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effective. Our calibration media had the following compositions:
for measuring Rmax and S0b380, (in mM): KCL, 113; CaCl2, 2; MgCl2,
0.8; D-glucose, 3; HEPES, 10. To maximize the rate of calcium ex-
change across the cell membrane, 10 lM ionomycin and 100 lM
carbonyl cyanide 3-chlorophenylhydrazone (CCCP) was added to
this medium. For measuring Rmin and S0f 380, CaCl2 was removed
from the above solution, and 3 mM KCl and 1 mM EGTA were
added. Osmolarity and pH of both solutions were adjusted to
320 mOsm and 7.2, respectively.
Furthermore, in order to correct for the small volume changes in
these RAPHCs between the times S0b380 and S0f 380 were measured, we
modified b as,

b ¼ ðS0f 380=S0b380Þ � ðVf 380=Vb380Þ;

in which Vf380 and Vb380 are the cell volume at the time of measur-
ing S0f 380 and S0b380, respectively. In the six experiments we con-
ducted in hyper-osmotic calibration media, this correction factor
was 1.08 ± 0.16 (range, 0.87–1.27). The average values for Rmin, Rmax
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and corrected b were 0.22, 2.54 and 4.08, respectively. A Kd of
224 nM was used (Grynkiewicz et al., 1985).

2.2.5. Chemicals
W-7, ML-7, KN-62 and KN-93 were purchased from Biomol

(Plymouth Meeting, PA). Ionomycin was obtained from Molecular
Probes (Eugene, OR). Other chemicals were purchased from Sigma.
Ionomycin, CCCP and all inhibitors were dissolved in DMSO, and
the stock solutions were kept at �20 �C. At the time of experiment,
ionomycin or inhibitors stocks were diluted into the AP solution.
The final concentration of DMSO in the AP solution was kept at
0.1%, or less.

2.2.6. Animal care
The care and use of animals reported in this study were ap-

proved by the University of California at Los Angeles Chancellor’s
Animal Research Committee (ARC number 1994-086-41).
Fig. 2. Ionomycin-induced shape change of a RAPHC. Time-lapse photography of a
RAPHC’s shape and intracellular calcium changes during exposure to 5 lM iono-
mycin. The elapsed time between the start of the experiment and the time the DIC
and fluorescence-ratio image pairs were recorded is shown (in hr:min:s) in each
panel. The horizontal scale bar represents 10 lm. The fluorescence-ratio images
were pseudo-colored according to the color scale bar shown on the right.
3. Results

Auditory hair cells dissociated from the rostral region of the
frog’s amphibian papilla (RAPHCs) maintain their geometrical
shape for a period exceeding one hour while continuously perfused
with a perilymph–like solution (AP solution; for composition, see
Methods). We have recently reported (Farahbakhsh and Narins,
2006) that it is possible to induce shape change in RAPHCs by vary-
ing their intracellular calcium concentration ([Ca2+]i). For example,
raising the [Ca2+]i by exposing these cells to the calcium ionophore,
ionomycin, would lead to a three-part shape change. During the
first two parts (to which we referred as phases 1 and 2), RAPHCs
shorten, while during the last part of the response to ionomycin
(phase 3) they lengthen. In phase 1, the cell contracts longitudi-
nally while maintaining its volume (iso-volumetric shortening).
During phase 2, however, further shortening is accompanied by
volume increase (‘‘osmotic” response). Fig. 2 shows DIC and fluo-
rescence-ratio images spanning a 6-min period during exposure
of a 51-lm RAPHC to 5 lM ionomycin. The images in the top pan-
els were acquired at the start of perfusion with the ionophore. Fif-
teen seconds later, the [Ca2+]i started to rise (see Fig. 3A), while the
cell’s shape remained unchanged for the first two minutes. The
panels in second row of Fig. 2 show DIC and fluorescence-ratio
images of the cell 135 s after the start of perfusion with ionomycin.
The pseudo-colored ratio image shows a considerable increase in
the [Ca2+]i, while the change in the cell’s length, in the DIC image,
is negligible. As shown in the three middle-row panels, within the
following 43 s, the cell shortened by 9.5 lm (19%), while the [Ca2+]i

rise continued. In the next 40 s, the cell’s length rebounded by
1.5 lm (3%). Throughout this 83-s period of length and [Ca2+]i

changes, the cell’s volume remained unchanged. The bottom two
rows of panels in Fig. 1 shows the period referred to as ‘osmotic’
shortening (phase 2).

Fig. 3A shows the complete time-course of changes in this
RAPHC’s length, volume and [Ca2+]i (in four selected regions), dur-
ing the period of exposure to ionomycin. As shown in Fig. 3C, these
four regions were selected such that in addition to following the lo-
cal changes in the [Ca2+]i, variations in the cell’s length and diam-
eter also could be displayed. Regions 1 and 5 are positioned near
the two ends of the RAPHC, whereas regions 6 and 7 are along
the sides of the cell. As such, regions 1 and 5 show a parallel de-
crease in the [Ca2+]i when the cell shortens, and regions 6 and 7
display a [Ca2+]i rise as the cell’s diameter increases. These parallel
changes can be seen in Fig. 3A. In the first 135 s after the start of
ionomycin perfusion, the [Ca2+]i in regions 1 and 5 (green and cyan
traces) increases, while the length (black squares), volume (grey
squares) and calcium level in regions 6 and 7 (blue and magenta
dashed lines) show no change. In the next 43 s, the length and
[Ca2+]i in regions 1 and 5 drop, the calcium levels in regions 6
and 7 increase, but the volume still remains unchanged. During
the length rebound in the next 40 s, [Ca2+]i in the four selected
regions follow the shape change accordingly. Finally, the volume
increase (starting 4 min into the ionomycin treatment) is accompa-
nied by both shortening and dilution of the fluorescent dye as
indicated by the drop in fluorescence signals in all four regions.



Fig. 3. Quantification of shape change: (A) Time-courses of changes in the length (black squares), volume (grey squares), and fluorescence signal (340 nm excitation) for the
cell in Fig. 2. Changes in the RAPHC’s length (in lm) and estimated volume (arbitrary units), and fluorescence signal in four regions of interest (ROIs, marked in C), during
exposure to the calcium ionophore are shown. The bar below shows the duration of treatment with ionomycin. (B) The length–volume relationship for this cell during
treatment with ionomycin shows a sizable iso-volumetric length change, followed by swelling. Volume is given in picoliter (=103 lm3), length in lm. (C) Positions of ROIs
used for the display of fluorescence time course in A are marked. Notice that before the start of shape change (time, 21:58.432), ROIs 1 and 5 were on the cell’s soma, near the
ends, whereas ROIs 6 and 7 were positioned along the cell, just outside its border.
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Subsequent calibration of the free calcium level in this cell (see
Methods for details) suggests that [Ca2+]i was 79 nM before the
application of ionomycin, rose to 1.3 lM when shortening was first
detected, and reached 3.8 lM when shortening was at its highest
rate. In seven similarly calibrated experiments, the corresponding
[Ca2+]i levels were 66 ± 19 nM, 1.2 ± 0.7 lM and 3.6 ± 1.6 lM,
respectively. It should be added that ionomycin, as a Ca2+/H+ ex-
changer (Erdahl et al., 1994), causes intracellular alkalization in
cells bathed in solutions with physiological level of Ca2+. Our
own measurements suggest that in RAPHCs, 5 lM ionomycin can
induce up to 0.5 pH unit of intracellular alkalization (Farahbakhsh
et al., 2006). The effects of this alkalization on the shape change,
however, are not clear; Alkalizing RAPHCs up to 1 pH unit, with
25 mM NH4Cl, failed to produce a significant iso-volumetric short-
ening (data not shown).

The length–volume relationship shown in Fig. 3B clearly dem-
onstrates the distinct iso-volumetric length change at the start of
this RAPHC’s ionomycin-induced shape change. For the RAPHC
shown in Figs. 2 and 3, the iso-volumetric length shortening con-
stituted 92% of the total ionomycin-induced length decrease. How-
ever, in 10 cells treated with 5 lM ionomycin the iso-volumetric
shortening fraction (dLiso-V/dLtotal) was 59 ± 23% (Fig. 6).

Our previous work (Farahbakhsh and Narins, 2006) has sug-
gested that phase 1 response is calmodulin (CaM) dependent:
RAPHCs pretreated with W-7, a CaM inhibitor, exhibited only a
purely osmotic (phase 2) response to ionomycin. In what follows,
we investigated the possible role of two well-known classes of ki-
nases activated by calmodulin, namely the myosin light chain ki-
nase (MLCK), and multifunctional calcium/calmodulin-dependent
kinases (CaMKs).

3.1. Myosin light chain kinase (MLCK)

To examine the possible role of myosin light chain kinase in the
ionomycin-induced iso-volumetric shortening, we treated RAPHCs
with ML-7, a specific MLCK inhibitor (Saitoh et al., 1987; Bain et al.,
2003), for periods exceeding 15 min. At 5 lM concentration, ML-7
applied alone, did not induce a significant change in either length
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or volume of RAPHCs (not shown). However, ML-7-pretreated cells
responded quite differently to ionomycin than untreated (control)
cells. The 51-lm-long cell shown in Fig. 4A was exposed to the
combination of 5 lM ML-7 and 5 lM ionomycin following
18 min of pretreatment with the same concentration of ML-7. After
a delay of 200 s, an increase in the cell’s volume became noticeable
(10.7%), while its length was still unchanged. This was found to be
a general feature: in contrast with the control cells (Figs. 2 and 3),
in ML-7-treated RAPHCs, shortening does not precede swelling
(n = 5). In the hair cell shown in Fig. 4A, this episode was then fol-
lowed by a 943-s interval during which the cell shortened by
16.4 lm (32.4%), while its volume increased by another 230%
(phase 2). For most of this interval, the length and volume changed
almost linearly, as expected from an osmotic response (Dulon
et al., 1988). Thus, it appears that the primary effect of ML-7 on
RAPHCs is inhibition of the iso-volumetric shortening.

A comparison of these results with the response of W-7-treated
RAPHCs to ionomycin (Farahbakhsh and Narins, 2006) indicates
that the effects of ML-7 and W-7 on the ionomycin-induced shape
change in RAPHCs were quite similar (see Fig. 6).

3.2. Ca2+/CaM-dependent protein kinase(s)

In order to determine whether CaMK activity is present in
RAPHCs, we examined the effects of pretreatment with either
5 lM KN-93, or 5.5 lM KN-62, both selective CaMK inhibitors
(Tokumitsu et al., 1990; Sumi et al., 1991; Davies et al., 2000).
Fig. 4B and C shows the results of two representative experiments
(n = 4, for each inhibitor). Neither KN-93 nor KN-62, induced a sig-
nificant shape change in RAPHCs when applied alone (not shown).
However, the response of either KN-93- or KN-62-treated cells to
ionomycin were qualitatively similar to that of RAPHCs pretreated
Fig. 4. Effects of several kinase inhibitors on the ionomycin-induced shape change:
concentration, removes the RAPHC’s iso-volumetric shortening. In this cell, the length–
component (parallel changes in the length and volume). (B) and (C) The multifunctional C
of ML-7. In RAPHCs pretreated for 15 min with either KN-93 (5 lM, B) or KN-62 (5.5 lM,
volumetric shortening episode. (D) Effects of MLCK and CaMK inhibitors are not add
combination of ML-7 (5 lM) and KN-62 (5.5 lM) was similar to the response of cells p
osmotic response, with no indication of an iso-volumetric shortening. RAPHCs’ length is
with ML-7: the iso-volumetric phase was completely inhibited by
both CaMK inhibitors (Fig. 4B and C; see also Fig. 6).

3.3. Are the effects of MLCK and CaMK inhibitors additive?

Since the selective MLCK inhibitor, ML-7 (Saitoh et al., 1987) is a
very poor inhibitor of CaMK II (Miralem and Templeton, 1998), and
the selective CaMK II and IV inhibitor, KN-62, has a very low affin-
ity for MLCK (Tokumitsu et al., 1990; Davies et al., 2000), our re-
sults suggest that both MLCK and CaM kinases II and/or IV, might
contribute to the iso-volumetric length change in RAPHCs. Thus,
we sought to determine if these two Ca2+/CaM-dependent path-
ways act in parallel or series. For this purpose, we perfused four
RAPHCs with a combination of 5 lM ML-7 and 5.5 lM KN-62, be-
fore adding 5 lM ionomycin to the mixture. For the cell in Fig. 4D,
the addition of ionomycin to the ML-7 + KN-62 mixture led directly
to a phase 2 response (simultaneous shortening and swelling) that
started after a delay of 360 s. However, three of the cells in this
group exhibited a brief period in which volume increase preceded
the length change. In terms of the osmotic response, however sim-
ilar results were recorded from all four cells (Fig. 6). There was no
statistically significant difference between the extent of length or
volume change during the osmotic response for the cells in this
group and their corresponding parameter for RAPHCs pretreated
with ML-7 alone.

3.4. Myosin light chain phosphatase (MLCP)

The data presented so far suggests a role for MLCK in the iono-
mycin-induced iso-volumetric shortening of RAPHCs. The 20-KD
myosin light chain (MLC) is the primary substrate of MLCK (Means,
2000). However, the level of phosphorylation of the MLC is
(A) 15-min pretreatment with the myosin light kinase inhibitor, ML-7, at 5 lM
volume relationship during treatment with ionomycin showed mainly an osmotic
a2+/CaM-dependent kinase inhibitors, KN-93 and KN-62 had effects similar to those

C), the length–volume relationship during treatment with ionomycin lacked the iso-
itive. Inomycin-induced shape change in a RAPHC pretreated (15 min) with the

retreated with either inhibitor, alone. The length–volume relationship is that of an
given in lm, and the estimated volume in picoliters.
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determined by the opposing effects of MLCK and MLCP. The cata-
lytic subunit of MLCP is a type 1 phosphatase (PP1) (for a review
see Hartshorne et al., 2004). Thus, we tested the effect of two
PP1 inhibitors, known to inhibit the smooth muscle myosin phos-
phatase activity (Ishihara et al., 1989), on the RAPHCs’ shape, as
well as on the response to ionomycin.

Fig. 5A shows the effect of the PP1 inhibitor, calyculin A. Perfu-
sion with 100 nM calyculin A, for periods of 14–16 min, produced
small but statistically significant changes in the cells’ length (not
shown). Replacing calyculin A with 5 lM ionomycin led to a
three-phase response by RAPHCs. The iso-volumetric character of
the initial response to ionomycin is clearly depicted in the
length–volume relationship (Fig. 5A). In the five cells treated with
calyculin A, 71.7 ± 29.8% of the total shortening was iso-volumetric
(Fig. 6). However, a statistically significant difference with phase 1
response of untreated cells could not be established for calyculin A.
Fig. 5. Effects of the type 1 protein phosphatase inhibitor, calyculin A: (A) Length–
volume relationship during exposure to 5 lM ionomycin in a RAPHC pretreated for
14 min with 100 nM calyculin A shows distinct episodes of iso-volumetric and
osmotic shortening. (B) Calyculin A fails to reverse the inhibitory effect of ML-7 on
the iso-volumetric shortening. A RAPHC pretreated for 15 min with a combination
of 5 lM ML-7 and 100 nM calyculin responded to 5 lM ionomycin with a length–
volume relationship without a measurable episode of iso-volumetric shortening. (C)
Calyculin A reverses the effect of KN-93. The ionomycin-induced shortening in a
RAPHC pretreated for 12 min with 5 lM KN-93 and 100 nM calyculin A, displayed a
significant iso-volumetric component.
The second PP1 inhibitor tested was okadaic acid. Pretreatment
with 100 nM okadaic acid, also failed to produce a statistically sig-
nificant difference in the response to ionomycin (n = 5; Fig. 6).

Pretreatment of RAPHCs with a combination of 5 lM ML-7 and
100 nM calyculin A also failed to reverse the inhibitory effect of
ML-7 on the iso-volumetric response to ionomycin (Fig. 5B). In
six out of seven similarly preteated cells the ionomycin-induced
shortening lacked a phase 1 component (Fig. 6). Interestingly, how-
ever in four out of six RAPHCs pretreated with a combination of
5 lM KN-93 and 100 nM calyculin A, a significant reversal of the
KN-93 inhibitory effect could be observed (Fig. 6). In this group
of cells, the iso-volumetric component constituted 20–67% of the
total shortening induced by ionomycin. Fig. 5C shows the length–
volume relationship during the period of exposure to 5 lM iono-
mycin for one of these cells.
4. Discussion

In a recent report (Farahbakhsh and Narins, 2006), we described
a calcium-dependent mechanism that can potentially mediate the
process of slow motility in low-frequency auditory hair cells of
amphibians. Furthermore, we developed a method for quantitative
analysis of shape change in isolated hair cells and devised a model
for identifying different aspects of the response to agents that
modulate the geometrical attributes of these cells. This method al-
lowed us to identify three distinct but temporally overlapping peri-
ods in the shape change induced by the calcium ionophore,
ionomycin, in hair cells dissociated from the rostral region of the
amphibian papilla, one of the two auditory organs in frogs. During
phase 1 of the response to ionomycin, these hair cells (RAPHCs) un-
dergo a brief (�50 s long) and slow (�300 nm/s) contraction-like
iso-volumetric shortening that in some respects resembles the
muscle-like calcium/calmodulin- and metabolism-dependent,
gradual and sustained shape change (slow motility) of mammalian
outer hair cells (OHCs), first reported in the 1980’s (Flock et al.,
1986). This episode is then followed by a somewhat longer
(�90 s) period during which continued length decrease is accom-
panied by an increase in the cells’ volume (phase 2, or ‘‘osmotic”
shortening), which has also been observed in OHCs (Dulon et al.,
1988). In the last stage of the response (phase 3), the cells’ length
and volume increase together.

In that work, we relied on a model for estimating the volume of
a RAPHC based on a single DIC image of the cell at its largest cross-
section. Despite the fact that this model was a refined and im-
proved version of a similar model previously verified and used
for the estimation of OHCs’ volume (e.g. Chertoff and Brownell,
1994), independent validation of our model was needed. For this
purpose, we utilized laser scanning confocal microscopy. Our
experiments with this latter system made it clear that because of
light scattering and refraction in the optical path, direct and accu-
rate 3D imaging of these cells was not possible (see Section 2 and
Supplementary section and figures therein). Nevertheless, using
the theoretical and measured point spread functions of the micro-
scope, a 4.2-lm-diameter fluorescent sphere, and an image decon-
volution algorithm, we were able to calibrate our confocal
measurements. Comparison of the volume calculated on the basis
of calibrated confocal images with that predicted by our model
on the basis of the image showing the largest cross-section of the
cell (Fig. S2), clearly demonstrates the validity of our model as long
as it was applied to RAPHCs whose longitudinal axis was parallel to
the image plane (see Supplementary section).

In the present work, we have concentrated our attention on the
pathways that may underlie phase 1 response. We have previously
reported that this phase is calcium/calmodulin-dependent: re-
moval of calcium from the extracellular medium significantly



Fig. 6. Data summary. The iso-volumetric fraction of the total length decrease (dLiso-V/dLtotal) for ten groups of experiments. The data for W-7 is from Farahbakhsh and Narins
(2006). The number of RAPHCs in each group is given in parentheses. In cells treated with W-7, KN-62, KN-93 and ML-7 + KN-62, phase 1 episode was completely inhibited.
Only one out of six RAPHCs treated with ML-7 had a small iso-volumetric shortening (2.5% of the initial length; dLiso-V/dLtotal = 7.8%). Only one out of seven RAPHCs treated
with ML-7 + calyculin A had an iso-volumetric response (dLiso-V/dLtotal = 28%). (*) represents an average dLiso-V/dLtotal significantly smaller than that of control (untreated)
RAPHCs (p < 0.02).
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diminished the response to ionomycin; the calmodulin inhibitor,
W-7 eliminated the iso-volumetric shortening (Farahbakhsh and
Narins, 2006). In the present report, we demonstrated that RAPHCs
have a rather low resting [Ca2+]i of 66 ± 19 nM, which is comparable
with the level reported for frogs vestibular hair cells (Ohtani et al.,
1994), but somewhat lower than that observed in mammalian out-
er hair cells (Ashmore and Ohmori, 1990; Frolenkov et al., 2003).
Ionomycin-induced shape change in RAPHCs, however, required
micromolar [Ca2+]i (see Results), suggesting possible involvement
of medium-affinity mediators in this response. Here, we attempted
to identify additional key steps in the calcium/calmodulin-depen-
dent pathways that may contribute to the iso-volumetric shorten-
ing. Our results suggest both the myosin light chain kinase and a
multifunctional Ca2+/CaM-dependent kinase, as well as the myosin
phosphatase participate in shaping the phase 1 response.

We tested the effects of three specific inhibitors of the two main
classes of Ca2+/CaM-dependent protein kinases, namely MLCK and
multifunctional CaMKs. As yet there is no report demonstrating the
presence of either MLCK or any CaMK in amphibian hair cells.
However, immunological studies have suggested the presence of
myosin light chain kinase in mammalian OHCs (Knipper et al.,
1995), and have localized the Ca2+/CaM-dependent protein kinase
IV in the OHC cytoplasm (Koyama et al., 1999; Frolenkov et al.,
2000). ML-7 is a specific MLCK inhibitor (Saitoh et al., 1987; Bain
et al., 2003), whose effects on the slow motility in OHCs have been
previously reported (Puschner and Schacht, 1997). This inhibitor,
at 5 lM concentration, while having no significant effect on the
shape of RAPHCs when applied alone, abolished the iso-volumetric
shortening in response to ionomycin (Figs. 4A and 6).

The two specific inhibitors for multifunctional CaMKs we used
are KN-62 (Tokumitsu et al., 1990; Davies et al., 2000) and KN-
93 (Sumi et al., 1991), of which the former is shown to inhibit
the slow motility in OHCs (Puschner and Schacht, 1997; Minamino
et al., 1998; Sziklai et al., 2001). The absence of a significant effect
on RAPHCs by either of these two inhibitors, when applied alone, is
not compatible with a role for a constitutively active CaMK in the
maintenance of RAPHCs’ shape at the physiological levels of [Ca2+]i

and calmodulin.
The effects of these two CaMK inhibitors on the ionomycin-in-

duced response were similar, and in none of the parameters we
measured could a statistically significant difference between the
two groups be shown. Both inhibitors eliminated phase 1 episode.
Comparison of these inhibitors with ML-7 failed to establish a sta-
tistically significant difference with regard to any measured
parameter. The combination of ML-7 and KN-62 produced an os-
motic response to ionomycin which was in every respect similar
to the effect of pretreatment with ML-7 alone (Figs. 4D and 6).

These results suggest, but clearly do not prove, that in RAPHCs,
MLCK and CaM kinases constitute the primary pathways through
which Ca2+ and calmodulin exert their effects on phase 1 response.
Furthermore, they indicate that co-activation of both pathways is
required for the expression of phase 1: inhibition of either pathway
removed this phase (Fig. 4A–C); inhibiting both concurrently did
not bring about a different outcome than blocking either pathway
(Figs. 4D and 6). Thus, it appears that the transduction cascade
mediating the phase 1 response utilizes a biochemical ‘AND gate’.
Since the most likely substrate for MLCK in the nonmuscle cells
is the 20-KD myosin light chain (MLC, Means, 2000), we hypothe-
size that in RAPHCs, MLC constitutes the target of MLCK and CaMK
activities involved in the iso-volumetric length change. It has been
reported that in smooth muscle and nonmuscle cells, activation of
multifunctional CaMKs can directly or indirectly lead to the phos-
phorylation of MLCK, MLC and myosin heavy chain (MHC). How-
ever, CaMK-dependent phosphorylation of MLCK has an
inhibitory effect on the actin-dependent Mg2+-ATPase activity of
smooth muscle myosin II (for a review, see Pfitzer, 2001). Further-
more, in vertebrate nonmuscle cells, phosphorylation of MHC by
CaMKs is reported to lead to either inhibition of (Sagara et al.,
1983), or have no effect on (Tanaka et al., 1986) actin-dependent
myosin Mg2+-ATPase activity. These considerations lead to MLC
as the primary candidate for CaMK-dependent activity mediating
the phase 1 response (Fig. 7).
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In smooth muscles, both MLCK and CaMK II phosphorylate MLC
at a common site, resulting in enhancement of actin-activated
Mg2+-ATPase activity of myosin (Edelman et al., 1990). In pancre-
atic b cells, phosphorylation of MLC by MLCK requires low but
suprabasal [Ca2+]i (<1 lM), and saturates above 1 lM, while phos-
phorylation by CaMK II requires [Ca2+]i > 1 lM, and saturates above
10 lM (Iida et al., 1997). This difference in sensitivity to the [Ca2+]i

can be explained by the observation that affinity of CaMKII for CaM
is about 10 times lower than that of MLCK (Schulman and Hanson,
1993). However, it should be mentioned that when CaMKII is acti-
vated it undergoes autophosphorylation in a co-operative manner,
and becomes autonomous (by increasing its affinity for calmodulin
by almost three orders of magnitude), thus prolonging the re-
sponse to a brief stimulatory spike in the [Ca2+]i (Hanson et al.,
1994). These characteristics of CaMKII has led us to hypothesize
that in RAPHCs, the initial modest increase in the [Ca2+]i, induced
by ionomycin, activates MLCK. However, phosphorylation of MLC
by MLCK alone is not sufficient to produce an iso-volumetric short-
ening (Fig. 4B and C). Further increase in the [Ca2+]i to micromolar
levels is needed to activate a CaMK to supplement and prolong the
phosphorylation of MLC, and therefore induce a sustained re-
sponse. Conversely, in the absence of an MLCK-mediated phos-
phorylation of MLC (Fig. 4A), CaMK activity on its own is not
capable of generating a discernable phase 1. According to this
hypothesis, MLCK and CaMK form the ‘AND gate’ incorporated in
Fig. 7. A model for regulation of the Ca2+/CaM-dependent iso-volumetric shorten-
ing in the frog rostral amphibian papillar hair cells. Low suprabasal concentration of
Ca2+/CaM activates myosin light chain kinase (MLCK). However, because of possible
activity of the myosin light chain phosphatase (MLCP), phosphorylation of myosin
light chain (MLC) by MLCK alone is not sufficient to trigger actin-activated myosin
Mg2+-ATPase. Full phosphorylation of MLC requires either higher concentrations of
Ca2+/CaM, and activation of a multifunctional Ca2+/CaM-dependent kinase (CaMK)
to overwhelm the phosphatase activity, or inhibition of the phosphatase activity in
addition to modest [Ca2+]i increase to trigger actomyosin-mediated contraction. The
step-specific inhibitors (ML-7, KN-62, KN-93, calyculin A and okadaic acid) used in
this work (printed in red and italic font), and the sites of their action (printed in blue
and Maiandra font) are indicated. The right side of the model (in green, with tex-
tured arrows) is speculative at this point. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
the Ca2+/CaM-dependent pathway, and therefore their concerted
activation is required for sufficient phosphorylation of MLC in
RAPHCs (Fig. 7).

One possible reason for the inability of MLCK activity alone to
generate a measurable response might be the presence of a consti-
tutively active myosin light chain phosphatase (MLCP). The pres-
ence of MLCP in hair cells has not been reported. Therefore, in
order to test whether MLCP is active in RAPHCs, we took advantage
of the fact that the catalytic subunit of the MLCP is a type 1 protein
phosphatase (PP1, Hartshorne et al., 2004). A hallmark of PP1 is its
much higher susceptibility to inhibition by calyculin A, than by
okadaic acid (Ishihara et al., 1989). In all five RAPHCs treated with
calyculin A, and all five treated with okadaic acid, cells shortened
during exposure to the inhibitor. However, the extent of shortening
for calyculin A-treated cells was significantly larger than the length
changes displayed during the previous period of exposure to the AP
solution (p < 0.015), while that was not the case for cells treated
with okadaic acid (p > 0.35). When these two groups were exposed
to ionomycin, they both exhibited a phase 1 response. However,
neither PP1 inhibitor significantly increased the extent of ionomy-
cin-induced iso-volumetric shortening (Fig. 6), nor did they in-
crease the rate of shortening (not shown).

The opposing effects of one of the PP1 inhibitors (calyculin A)
and those of a CaMK inhibitor (KN-93; Fig. 5C), suggest a common
substrate. Antagonistic effects of W-7 and okadaic acid have been
observed by Frolenkov et al. (2000) using the cell membrane non-
linear capacitance measurement in an OHC preparation. These
investigators however concluded that the primary substrate for
this phosphorylation/dephosphorylation process was the electro-
motile mechanism. In contrast, Borko et al. (2005) using a chemical
and mechanical stimulation technique, found that okadaic acid
blocked slow motility in OHCs. They concluded that calcium- and
phosphorylation-dependent processes change the OHCs’ lateral
wall stiffness by modifying cytoskeletal proteins. Moreover, Mina-
mino et al. (1998), investigating the osmotic shortening in OHCs
induced by tetanic electrical field stimulation observed that caly-
culin A inhibited shortening apparently by decreasing the perme-
ability to Cl�. Since non-mammalian auditory hair cells appear to
lack somatic electromotility (Köppl et al., 2004), our results cannot
be explained by a shift in the operating point of the electromotive
force. Furthermore, in our experiments on RAPHCs, neither calycu-
lin A nor okadaic acid blocked phase 1 of slow motility. Finally, the
iso-volumetric character of phase 1 shortening in RAPHCs argues
against a major role for ionic channels. Therefore, we suggest that
the common and immediate target of phosphorylation/dephospho-
rylation processes involved in phase 1 response is the myosin light
chain (Fig. 7), even though it is quite plausible that the final effec-
tor of this pathway might be the hair cells’ cytoskeletal lattice.

In summary, our results suggest that [Ca2+]i increases in the
frog’s rostral amphibian papillar hair cells utilize a signal transduc-
tion pathway that includes myosin light chain kinase, multifunc-
tional Ca2+/CaM-dependent kinase(s) and myosin phosphatase to
induce iso-volumetric length decreases. Furthermore, acetylcho-
line is known to induce a small shortening both in OHCs (Szonyi
et al., 1999a; Frolenkov et al., 2000) and RAPHCs (Farahbakhsh
and Narins, 2004). We have also observed that the effects of acetyl-
choline could be mimicked by two other cholinergic ligands, carba-
chol and DMPP. Whereas the effects of acetylcholine and carbachol
were transient (even in the continued presence of agonists), DMPP-
induced shortening was irreversible (Farahbakhsh and Narins,
unpublished observations). Based on our present results, we sur-
mise that small [Ca2+]i increases produced by acetylcholine and
its agonists are sufficient only for the activation of MLCK, but not
CaMKs. Therefore, as suggested by the data in Fig. 5C, the utiliza-
tion of the pathways discussed in this report by physiological stim-
uli requires inhibition of myosin phosphatase activity, an issue that
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needs to be investigated. The general role of slow shape changes in
hair cells and their contributions to the causal pathway leading to
sound detection are currently under study.
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