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Extrinsic Fabry—Perot Interferometer for Measuring
the Stiffness of Ciliary Bundles on Hair Cells

Matthew D. Barrett, Ellengene H. Peterson, and J. Wallace Grant*

Abstract—We have developed an extrinsic Fabry—Perot inter-
ferometer (EFPI) to measure displacements of microscopic, living
organelles in the inner ear. The EFPI is an optical phase-shifted
instrument that can be used to measure nanometer displacements.
The instrument transmits a coherent light signal to the end of a
single glass optical fiber where the measurement is made. As the
coherent light reaches the end of the fiber, part of this incident
signal is reflected off the internal face of the fiber end (reference
reflection) and part is transmitted through the end of the fiber.
This transmitted light travels a short distance and is reflected off
the surface whose displacement is to be measured (the target).
This sensing reflection then reenters the fiber where it interferes
with the reference reflection. The resulting interference signal
then travels up the same optical fiber to a detector, where it
is converted into a voltage that can be read from an oscilloscope.
When the target moves, the phase relation between reference andFig. 1. Schematic representation of a vertebrate hair cell with a ciliary bundle
sensing reflections changes, and the detector receives a modulatedxtending from its apical surface (solid lines). The hair cell generates a signal
signal proportional to the target movement. Reflections of as little when a force £ e.g., movement of the gel layer in which the bundle is

as 1% at both the sensor tip and target surfaces produce good imbedded) deflects the ciliary bundle. The magnitude of the signal is a function
results with this system of deflection magnitudes§, and é, in turn, depends orF" and on bundle

We use the EFPI in conjunction with fine glass whiskers to stiffness §). In experiments to measure the stiffness, the force st&pig

- . ; = applied to the tip of the bundle; for living vestibular bundles this is the tip
measure the stiffness (force per unit deflection) of stereociliary of the kinocilium (thick black line).

bundles on hair cells of the inner ear. The forces generated are
in the tenths of picoNewton range and the displacements are tens

of nanometers. Here we describe the EFPI and its development aselements in the lateral line canals or inner ear (e.g., cupula,
a method for measuring displacements of microscopic organelles otolithic membrane) (Fig. 1).

in a fluid medium. We also report experiments to validate the A cili bundle’ ¢ hanical stimuli is det
accuracy of the EFPI output and preliminary measurements of Ciiary bundie's response to mechanical sumull 1s deter-

ciliary bundle stiffness in the posterior semicircular canal. mined by its stiffnessk

Index Terms—Biomechanics, fiberoptics, hair cells, interferom- k=F/§ (1)
etry, stereocilia, submicron displacements.
where F' is the force applied to the bundle arfdis the
resulting deflection (Fig. 1). Thus, it is important to know the
stiffness of a ciliary bundle if we are to understand how it
HE GOAL of this work is to develop a more accurateletects and encodes mechanical stimuli. But measuring the
method for measuring the stiffness of ciliary bundles ostiffness of ciliary bundles presents several challenges. First,
hair cells. Hair cells are mechanoreceptors that vertebratéifary bundles are microscopic, living organelles. Thus, they
use to detect sound, water- or substrate-borne vibrations, heagst be visualized with specialized optics and maintained in a
accelerations, and the equivalent acceleration of gravity. Theitable fluid medium if measured stiffinesses are to reflect
mechanoreceptive element of a hair cell is its ciliary bundléhe normal, living state. Second, the forces that a bundle
a collection of hair-like processes that extend from the apiaalust transduce are in the picoNewton range, and physiologic
surface of the hair cell and are deflected by force-generatidigplacements are typically much less than 500 nm. Thus,
accurate stiffness determinations require precise measurements
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stiffness onin situ [1]-[5] or dissociated [6], [7] hair cells, or A
on epithelia that have been digested and stripped from their )

connective tissue base [8]. They have measured displacements pipette

with optical techniques such as light microscopy [5], magnified
digital images [7] or photodiode pairs [1]-[4], [6], [7], and
with interferometry [8]. They have applied forces to bundles glass
with fine probes advanced via a piezo stepper [1]-[4] and with whisker
water jets [6], [7], [9], [10], or they have relied on Brownian

motion [8]. Each of these options has advantages and disad-

vantages, but in no case have preparation, measurement, and Q
displacement methods been combined for optimal accuracy Q

in characterizing bundle stiffness and stiffness differences ciliary bundle O Q
between different hair bundle types. Our approach has been O

to combine the advantages of situ measurement with the O ‘
superior precision of interferometry. We use the interferometer

to measure both the stimulus to the bundle and the bundle’s (@)

response, which further increases the accuracy of our stiffness

. Pipette Displacement(AX y*
calculations. i
. . . . i 1 AX,
This work relies on new instrumentation: a two-channel Whisker Displacement(®Xw) — A
|

sensor that utilizes laser interferometry and an optical fiber

delivery system. The sensor is a low-finesse (low mirror pipette
reflectively) Extrinsic Fabry—Perot interferometer (EFPI): a
quadrature phase-shifted, optical fiber sensor that uses an

extrinsic Fabry—Perot cavity for the measurement [11]. Each glass

channel of the instrumentation is actually a separate interfer- whisker
ometer where the two channels uses a single laser source for

monochromatic light. All other elements of a channel are du- Bundle Displacement(aX,)*

plicated. One channel of the EFPI measures the displacement Q

step delivered to the bundle; the second channel measures the Q
bundle’s deflection. In this paper, we describe our protocol for ciliary bundle O O ‘

measuring ciliary bundle stiffness and the new instrument.

O

IIl. EQUIPMENT AND METHODS (b)

Fig. 2. Procedure for measuring ciliary bundle stiffness. The
A. Experimental Protocol pipette-whisker-bundle complex is shown as it appears during an experiment
and is viewed from above: (a) start position. The whisker tip is positioned
Fig. 2 illustrates the procedure we use to measure buigainst the tip of the kinocilium (position A) and (b) final position. The

dle stiffness. We deflect the ciliary bundle using a glag¥Pette is displaced from position A to position B\p) using a piezo
stepper. We set the piezo device to movesit, and we measure the actual

WhiSker. of lfnown Stiﬁnessl (Se.e Glass whisker man.UfaCtur'?%vement with our EFPI. We deflect the ciliary bundle using a glass whisker
and calibration, below). This displacement whisker is glued known stifiness (1) adhesively bonded to a pipette. The resulting bundle

[ i which i h iez rﬂjﬁp lacementAz ) depends on the stiffness of the glass whisKegi() and
to a glass pipette, ch is attached to a piezo step the stiffness of the bundlei{z). We manufacture the displacement whisker

(Nanostepper; WPI). We position the tip of the displacemefilpe more compliant than the bundle. Thus, bundle-whisker tip displacement
whisker against the tip of the ciliary bundle [Fig. 2(a)] and stejp always < pipette base, i.e<325 nm [see Fig. 4(b), top; Fig. 6].

the pipette/whisker base by a distanke » [from position A

to position B in Fig. 2(b)]. The bundle displaces by distancg, hgtituting forazy, (2) and solving for bundle stiffness gives
Az g, and the whisker deflectiothzyy is

Aaip
Arw = Azp — Azp (2) kg = kw <A—x3 - 1)- 4
[Fig. 2(b)]. We measure\z with one channel of the EFPI This stiffness measurement protocol has two advantages.
and Az g with the other channel. First, we measure bundle displacement and the step applied

Bundle stiffness can be calculated from these two dilQ the bundle. This is propably more accurate than relying on
placement measurements if the glass whisker's stiffnesstii¢ stated output of the piezo stepper, which we found to be
known. Using the relation between force, displacement, aHgreliable. Second, we use a ratio of displacements to calculate
stiffness (1) and the fact that—for these steady state expBpndle stiffness (4), which removes any constant error in

iments—contact forces between the whisker and the bundl measurements. In control experiments (28 trials) we
are equal and opposite, we have demonstrated that the two EFPI channels give nearly identical

displacement values (3% error) when recording movement of
kpAzrpg = kwAxw. (3) the same object. Thus, differences betwe®kn, and Azg
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Fig. 3. EFPI for measuring ciliary bundle stiffness: (a) light from a 1300-nm laser is transmitted to the epithelium over an optical fiber. The dimbof the

is mounted in a glass pipette (inset), which can be positioned by a micromanipulator. The free tip of the fiber is etched to reduce its diameteonWe positi
the etched tip so that it is normal to the displacement whisker (Inset: black circle) and the bundle. Light traveling down the tip is reflected fibrof the en
the optical fiber (reference reflection) and from the displacement whisker (sensing reflection) back into the optical fiber. The resulting éntestemssc
reference and sensing reflections is read by the detector and converted to an output signal (voltage) that is proportional to displacement matic(b) sche
output of EFPI showing cosinusodial relation between output voltage and displacement. One full cycle of the voltage indicates a displacemant of 650 n
(1/2\; A = wavelength). To measure displacements of more than 325 nm—such as the base of the pipette during a stiffness measurgmaeve Count

voltage cycles [Fig. 4(b), bottom] To measure the sm«lB25 nm) displacements that ciliary bundles experience during normal behavior we select a starting
gap distance such that the output voltage remains within its (approximately) linear range during the stiffness measurement [Fig. 4(b), top; Fig. 6].

reflect real differences between the displacement stimullBey use two signals that can vary in path length and,
Az p and the bundle’s respongkr . The 3% error between consequently, in phase; any phase difference between the two
measurements of the same movement means that stiffnsigmals results in constructive and destructive interference,
differences between bundles must be greater than 3% tovigich modulates the intensity of the output. Displacements

discriminable by our current system. create such a phase difference between the two optical signals;
thus, they can be measured using interferometry. Because
B. Displacement Whisker Manufacture displacements are assessed relative to the wavelength of light,
and Stiffness Determination which is very small, displacement measurements via optical
We manufacture displacement whiskers from borosilicataterferometry have extremely high resolution.
glass rods pulled to a tip diameter of 24An with a mi- For this work we used a optical fiber Fabry—Perot interfer-

cropipette puller (Flaming-Brown, Sutter Instrument Co., S&@neter. This multiple beam device detects the interference of
Rafael, CA). Then we pull the whiskers to a final length osignals reflected from two parallel surfaces that are separated
200-400m and a diameter of 1-2m using a microforge by a small gap. In amtrinsic Fabry—Perot interferometer, the
(Stoelting Co., Wood Dale, IL). We adhesively bonded thegwo reflecting surfaces are the facing ends of a cleaved fiber
displacement whiskers to micropipettes (1- to 2-mm long, 10hat are aligned within a chamber (the Fabry—Perot cavity) and
to 25um diameter) at a 90angle (Fig. 2). separated by a gap distance; environmental disturbances (e.g.,
The stiffness of our displacement whiskers was calculatégimperature fluctuations) modulate this gap distance and thus
by attaching 30- to 10@m diameter para-methyl-styrenethe signal at the detector [12]. In axtrinsic Fabry—Perot
spherical beads of known density & 1.030 g/cn?; Bangs interferometer, the two reflecting surfaces are the air-fiber
Laboratories, Inc., Carmel, IN) to the whisker electrostaticallynterface at the cleaved end of the optical fiber and the interface
and measuring the resulting whisker displacement. We view the far end of the air gap [11]. We chose an EFPI for
the whisker and attached bead with the microforge optigsis work because of the superior resolution of multiple beam
and measure bead diameter and whisker deflection with iagerferometers [13], because its output is a linear function of
eyepiece reticule. We calculate the weight of the bead froaxial displacement over the range of small displacements we
its diameter and density and use this weight to determiggsh to measure [14], and because the small sensor tip can be
the displacement whisker’s stiffness. We also measure thgsitioned under the objective of a light microscope to record
distance from the whisker base to the point of bead attachmegplacements of living organelles.
(because beads do not always attach to the whisker tip) and) Equipment Description:The EFPI consists of five com-
corrected our whisker stiffness calculations accordingly. Wsdnents [Fig. 3(a)]. 1) Alaser diodeprovides the coherent
use a minimum four to six beads of different sizes to assqgsht source. A single diode provides light for each channel
each whisker, and the average stiffness is used as the whigifefhe instrument, other components are duplicated to create

stiffness w). two separate channels for measurement. 2) Tbepler is
o a bidirectional splicing device that transmits light from the
C. Extrinsic Fabry—Perot Interferometer (EFPI) laser diode to the sensing fiber and the return signal from the

Optical interferometers that use a coherent light source aensing fiber to the detector. 3)ensing fibetransmits light
useful devices for measuring small displacements accuratddidirectionally between the coupler and the sensor tip. This



334 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 46, NO. 3, MARCH 1999

sensing fiber is interrupted bysplice tubewhich allows the and the target [14] and on the amplitude of the reference and
delicate sensor heads to be easily replaced. 4)s€hsor tips sensing signals4; and A, in (5)]. 4; and A, vary with
positioned normal to the reflective surface whose displaceméimt idiosyncratic reflectances of the sensor tip and the target,
is to be measured [Fig. 3(a), inset]. The tip can be etched wisspectively. Thus, the signal that arrives at the detector must
hydrofluoric acid to remove its fiber cladding and reduce thHee calibrated for each experiment, i.e., for the specific sensor
sensor’s diameter if this is required by the experiment. In thigp and target (deflection whisker) and for their starting (gap)
experiment we etched the tip to about 28 diameter. The distance relative to each other.
space between the sensor tip and the target is the extrinsi€alibration requires relative movement between the sensor
Fabry—Perot cavity. 5) A detector, comprising a photodiodg and target sufficient to yield a peak-to-peak intensity
transducer and associated electronics, converts the interferectt@nge. In practice, the calibration step is greater than 650 nm;
signal into a voltage that can be displayed on an oscilloscopleus it yields at least one 3BMhtensity cycle. Either the sensor
The detector’s voltage output is a linear function of thap or the target can be moved. As noted above, their displace-
interference intensity. The EFPI was fabricated by the Fiberent relative to each other produces a sinusoidally oscillating
& Electro-Optics Research Center at Virginia Polytechnieoltage in which the peak-to-peak voltage represents 325 nm
Institute and State University, Blacksburg, VA; they alsof movement [Fig. 3(b)].
verified the linear relationship between the interference signalTo measure displacements of less than 325-nm, calibration
and the voltage output. must precede the measurement. Once the peak-to-peak volt-
2) Operation: A monochromatic, coherent light (= 1300 age for a 325-nm displacement is determined by calibration,
nm, i.e., infrared) travels down the sensing fiber [Fig. 3(a)(maller displacements can be inferred by linear interpolation.
At the sensor tip, part of the light is reflected at the interfada such cases, it is desirable to position the sensor tip and
between the fiber tip and the external air or fluid mediutarget (i.e., set the gap distance) such that the trace starts
[reference reflectionFig. 3(a), inset]. The remaining light near the beginning of the approximately linear region of the
travels through this interface and is reflected by the targetitput signal; thus output voltages can be linearly related to
(sensing reflection In the present context, the target is thelisplacement [Fig. 3(b)]. We chose the wavelength of laser
deflection whisker (black circle), which is in contact with(A = 1300 nm) with this in mind. The linear range of the
the ciliary bundle. The sensing reflection re-enters the sensimgtput signal corresponds to approximately 300 nm (this is the
fiber and interferes constructively and destructively with thgortion of the sine curve that is approximately linear), which
reference reflection. Any movement of the deflection whiské larger than the bundle displacements we wish to measure.
and resulting modulation of the return signal intensity is reathus, the signal from the bundle can be encompassed within
by the detector and converted to an output voltage. Reflectiche linear range of the output. For displacements greater than
of as little as 1% at both the reference and reflection surfac&2b nm, a calibration (peak-to-peak) intensity can be extracted
produce good results with the system. from the measurement itself. One simply counts intensity
For a low-finesse EFPI (reflections as low as 1%), the igycles and adds the remaining fractional cycle to determine
tensity of the reference and sensing signals can be represemt¢al displacement. We used this method to measure the step
mathematically by a plane wave approximation in which thepplied to the displacement whisker (i.e., the stimulus to the
complex amplituded; is the reference signal and, is the bundle).
sensing signal. The intensity of the returning signal at thet) Minimum Detectable Displacement (MDDhere is some
detectorl,.; can be expressed as a superposition of the twoise in the output (voltage signal) of the EFPI. This noise
amplitudes originates from thermal instabilities in the system circuitry,
photodiode detector, the laser-diode light source, and even
Laer = A + A3 + 24142 cos(¢1 — ¢2) (5) potentially from mechanical vibration (the measurements were
where¢, is the phase of the reference reflection gads the Mmade on a vibration isolation table to eliminate mechanical
phase of the sensing reflection. Thus, the signal that returnd@se). So the system output noise is a sum of all these poten-
the detector has a constant component and a component tH#sources. No singular source could be identified as a major
varies as the cosine of the phase shift between the referef@gtributor to the total system noise.
and sensing reflections. This noise determines the minimum displacement that our
The EFPI response to a target displacement is expres§g@ent system can detect. To assess this MDD, we first
as a cosinusodial oscillating voltage that reflects the phadetermine the signal-to-noise ratio (SNR)
shift (change in path length) between sensing and reference
reflections [Fig. 3(b)]. The change in path length is twice the AViiooal
distance that the target moves because the sensing reflection SNR= ﬁ
must cross the air or fluid gap twice: as outbound and return nowe
signal. Accordingly, a 360 phase angle cycle represents a
target displacement of Q\50r 650 nm; a 1890 phase cycle whereAV,.;. is the peak-to-peak voltage in the unstimulated
(e.g., the peak-to-peak intensity) represents a 0&3325-nm  system, andAV;;qq.1 IS the peak-to-peak voltage during cali-
displacement. bration. (Note: voltages here are proportional to optical powers
3) Calibration: The intensity of the return signal at theand the SNR is optical power based.) Both are read from the
detector depends on the gap distance between the sensosttipage oscilloscope monitoring the output (LeCroi 9410 Dual

(6)
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150-MHz Digital Oscilloscope). The MDD is %3
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Because the SNR depends on the amplitude of the reference ni ‘ e fge
and sensing reflections (5), it is idiosyncratic for each sensor AN W IN W N
tip and displacement whisker pair. We evaluated the MDD
for each pair; if the value was too high, we simply removed
a small length of the fiber to create a new sensor tip and o
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Q
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rechecked the MDD. We routinely achieved MDD values of : e Lo,
30 nm in air. The MDD increases by about 10% when the ! "'?' i

sensor is used in isotonic fluid. e 4 Jé <1
D. EFPI Output: An Example : .z "

Fig. 4 illustrates the output of the EFPI at each stage of
our measurement procedure. The first step is to calibrate the
optical fiber sensor [Fig. 4(a)]. The sensor tip is oriented
parallel to the reflective displacement whisker and stepped by
its attached piezoelectric device (Burleigh Instruments, Inc.,
Fisher, NY). The magnitude of this step is not important so (b)

long as it is greater than 650 nm. In this example, the trace
9 9 P Fig. 4. Measuring bundle displacement with the EFPI. An examplea(#)

starts at the beglnnlng of a VOltage CyCIe (arrow 1)’ moveg ting the sensorThe sensor is oriented normal to the reflective displacement
through 35 mV before reversing direction (arrow 2), and thethisker and stepped through a distance greater than 650 nm. The resulting
through another 35 mV (to arrow 3) before being Swamp@@ak-to-peak voltage represents 325 nm. In this example, the trace starts from
. . . . the top of a voltage cycle (arrow 1) and goes through a 35 mV change (arrow
by low frequency mechanical vibrations that were excited t»f before it reverses direction (scate 20 mV/div). Thus, 35 mV= 325
the sensor movement. Thus, 35 mV (the peak-to-peak voltage) of movement. One voltage cycle (650 nm) is complete at arrow 3. (b)
corresponds to 325 nm of movement. Measuring displace_menté’wo di_splacement measurements are req'uire'd to
. . . . alculate bundle stiffness: 1) displacement of the whisker tip, which is in
FOIIOW'ng calibration, we measure two d|5placemen€%ntact with the bundleXzg), and 2) displacement of the whisker base,
[Fig. 4(b)]: 1) displacement of the whisker tip that is in contagthich is held in the pipetteXx p). (top) Bundle displacement\z ). The

with the bundle (top trace) and 2) displacement of the whiskg&t"sor for one EFPI channel is positioned by its piezo stepper so that it is
al to the displacement whisker tip and in the linear range of its cosine

. . . nor,
base tha.t is attached to a plpeFte (bOttom trace). First we ﬁ?tﬂerence curve [Fig. 2(b)]. Then the whisker is stepped. In the example,
a gap distance between the fiber sensor and the reflectiveresulting voltage change is 28.4 mV (arrow 1 to arrow 2). This can be
displacement whisker such that the output trace begins in ﬁg?verted to a displacement using linear proportionality. Thus, the whisker

l f | le Ti b h ﬁﬁ%bundle is displaced 264 nmhx g = (325 nm) * (28.4 mV/35 mV)= 264
inear range of a voltage cycle [i.e., between the two extrem . (bottom) Pipette displacemenh¢p). The sensor for the second EFPI

of interference; Fig. 3(b)]. Then we step the pipette. The tapannel measures the displacement of the pipette-whisker base. Because the

trace shows the signal from the reflective whisker tip. It mov(?g)ette is always stepped through more than 650 nm, it provides the calibration
or its own EFPI channel. In the example, the signal goes through one complete

throth 28.4 m\_/ (from arrow 1 to _arrOW 2)' Wh.ICh (?an b‘%oltage cycle (650 nm; arrow 1 to arrow 2) and part of a second cycle (to
converted to a displacement using linear proportionality — arrow 3). The peak-to-peak voltage of the first voltage cycle is 28.5 mV;
thus, 28.5 mV= 325 nm. The partial voltage cycle (arrow 2 to arrow 3)
represents 6 mV (20 mV per division). Thus, the pipette is displaced 718 nm:
) = 264 -nm. (8) Axp = 6350 nm + (325 nm= (6 mV/28.5 mV))= 718 nm. We identify
the end of the signal in two ways: a) the major frequency decreases suddenly

£
R
|

28.4 -mV

3 -

. T and b) when the mechanical vibration stops (double arrows at right) the final
Thus, the whisker tip/ciliary bundle complex moved 264 NMygitage corresponds to the voltage at which the signal stops (arrow 3). This
The lower trace shows the signal from the whisker base.elid voltage is determined more readily when the sweep speed is reduced (B,

completes one cycIe (from arrow 1 to arrow 2) p|US 10 m\pp. above; Fig. 6) _At arrow 3_the ;ignz_al is sw_amped by an oscillation that
represents mechanical (nonaxial) vibration excited by the sensor movement.

e
(to arrow 3). One complete_ _CyC|e (_:orresponds to 650 nﬂ'ﬁs occurs frequently (Fig. 6), but it does not compromise our ability to read
of displacement and the additional displacement is calculatdgishlacements:325 nm (i.e., bundle displacements) because these are simply
from linear interpolation of the 10-mV signal the difference between stable start and final voltages (B, top, above; Fig. 6).

10 - mV

RO

) =764.nm. (9) The stiffness of the displacement whisker in this example was
kw = 2.15-107* . N/m, which gives a bundle stiffness of

. —4
Thus, the pipette/whisker base complex moved 764 nm. kp = 4.07-107% - N/m.
We can calculate bundle stiffness from these displacements

using (4) I1l. RESULTS

Azp 764 - nm A. Imitation Ciliary Bundles

kg = kW<— - 1) = kw<— - 1) = 1.894ky . o

Azrpg 264 - nm We tested the performance of the EFPI by using it to
(10) measure displacements of imitation ciliary bundles whose
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TABLE |
ReEsuLTs oF FIVE EXPERIMENTS TO VALIDATE OuTPUT OF THE EFPI. GLUMN 2 SHOwS THE STIFFNESS OF THREE IMITATION CILIARY BUNDLES MEASURED WITH
STYRENE BEADS. COLUMN 3 SHOWS THE STIFFNESS OF THESESAME IMITATION BUNDLES WHEN MEASURED WITH THE EFPI; BUNDLES Il AND
Il W ERE ASSESSED INAIR AND IN WATER. COLUMN 4 SHows THAT ReEsSuULTS FROMBOTH METHODSARE VERY SIMILAR. THE ERRORIS
EXPRESSED AS APERCENTAGE OF THEMEAN BEAD STIFFNESS (ERROR = DIFFERENCE BETWEEN MEASUREMENTSMEAN BEAD STIFFNESY

Mean Bead Mean EFPI Error between
Stiffness Stiffness Averages
Imitation Avg. £+ Std. Dev. (N) Avg. + Std. Dev. (N)
Bundle x 10* N/'m x 104 N/m Percent
Bundle I - air 4.03 +0.39 5 3.74 + 0.54 (12) 7.2
Bundle II - air 3.08 +0.22 (11) 2.90 +0.62 (10) 5.5
Bundle IT- | ——---eeen 3.02 +0.31 14) 1.9
water
Bundle III - air 3,12 +0.13 (6) 292 +0.23 an 6.4
Bundle IIT - | ——--m-mm - 3.01 +0.20 (14) 37
water

stiffnesses had been determined previously. The imitatiomn 2). The difference between the two methods of stiffness
bundles were fine glass whiskers fabricated as described fioeasurement is 1.9%. Table | summarizes results for all five
displacement whiskers (see Equipment and Methods) excegperiments.
that they had stiffnesses in the range of those reported for
living ciliary bundles [7]. We mounted each imitation bundle .
on a pipette, measured its stiffness in 5-11 trials using styrdRe Living Ciliary Bundles
beads of different sizes, and averaged these measurements @ addition to testing the EFPI on imitation ciliary bundles,
get an “average bead stiffness” (Table I, column 2). we measured the stiffness of living ciliary bundles from the
We then measured the stiffness of the same imitatigosterior semicircular canal of red-eared turtiBseudemys
bundle with the EFPI. We positioned the imitation bundl¢Trachemys) scriptaWWe anesthetized turtles with Nembutal
so that it could be viewed axially using light microscop€2 mil/kg), perfused them with oxygenated turtle Ringer's
optics (Fig. 3) and determined its stiffness using the EFBblution [15], removed the membranous labyrinth, exposed the
and the experimental protocol described above (see Equipmgtiéterior crista (the hair cell-bearing region of the posterior
and Methods). We made such EFPI measurements on thseenicircular canal), positioned it in a temperature-controlled
imitation bundles: we tested two of these in air and whilbath of turtle Ringer's solution, and viewed the ciliary bun-
the "bundle” was submerged in the Ringer’s solution used tifes axially using a Zeiss Axioplan microscope equipped
maintain living ciliary bundles. In the latter experiments, wevith a 40x water-immersion objective (N.A. 0.75; working
attempted to duplicate procedures used on living bundles distance 1.9 mm) and DIC optics. We selected bundles for
closely as possible. A third imitation bundle was tested imeasurement that appeared intact and relatively isolated to
air only. Thus, we conducted five experiments to validate tielp insure that the displacement whisker did not come in
EFPI (Table I, columns 1 and 3). contact with additional bundles. We followed the guidelines
Experiments involved 10-14 trials, each yielding two dissf the Ohio University Animal Care and Use Committee in
placement measurementass, Azp). We examined these all experiments.
data in two ways. First, we calculated a stiffness for each trial Results from two experiments are shown in Fig. 6. For
using (4) and the previously measured stiffness of the defleme bundle [Fig. 6(a)], the signal amplitude is 26 mV, which
tion whisker - = 2.15 4+ 0.08 x 10~* N/m). We averaged corresponds to a displacement of 219 nm and a stiffness of
these stiffness values to get a “mean EFPI stiffness” for t1867 x 10~* N/m. For the second bundle [Fig. 6(b)], the signal
imitation bundle (Table I, column 3). Then, we calculated & 30 mV, which corresponds to a displacement of 263 nm and
percent error between the bead and EFPI stiffness values; thistiffness of 6.8 10~* N/m. Both stiffness values are within
error averaged 4.9% (range 1.9%-7.2%; Table I, column 4}he range of measured values for vertebrate hair cells [7].
We examined the data in a second way by plotting the resultsTo insure that the signal we measured derived from the
from each trial as forceK) versus deflectionfxz ) where  displacement whisker only (not from stray reflections off
adjacent regions of the target bundle or off neighboring
(11) bundles), we determined that living ciliary bundles do not
reflect enough light to be detected with our instrument. We
Results from one experiment are shown in Fig. 5. The triangldi&l this in two ways. With the sensor tip positioned normal
represent the forceH) versus deflection Xz g) results for to a ciliary bundle we verified that there was no change in
each trial. The solid line is the mean EFPI stiffness for théie output signal when 1) we stepped the sensor (as if for a
imitation bundle (bundle II, in water). For comparison, thealibration measurement) or 2) we deflected the bundle using
dashed line shows the stiffness of the same imitation bundiedisplacement whisker applied to the opposite side of the
when measured with the styrene bead technique (Table |, dolindle and so hidden from the sensor by the bundle itself.

F = km/AJJVV = kw’(AJ}p - AJ}B)
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Imitation Bundle Validation Test In Ringer’s Solution
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Fig. 5. Testing the EFPI on imitation ciliary bundles of known stiffness. Data points are force versus deflection results for imitation bundié (Rimdjei’s

solution), as measured by the EFPI. The solid line is the average slope for all data points (“mean EFPI stiffness103:0N/m) with the y-intercept

forced through zero (zero force, zero displacement). The dashed line is similarly constructed using the average slope of the bead weiglst Calibaation

bead stiffness”; 3.0& 10~* N/m) for the same bundle (see Table I). This was a best agreement between the bead and EFP| measurements of stiffness, with
an error of 1.9%. Note that deflection magnitudes with the two methods differed by approximately two orders of magnitude, with the bead method being
the larger (see Section IV).

(@

(b)

Fig. 6. \oltage output during displacement of living ciliary bundles. Two examples are illustrated from hair cells in the posterior semicirall@ucan

bundle displacements are always less than 325 nm [see Fig. 4(b)]:Ahys,(bundle displacement) is proportional to the difference between starting (arrow

1) and ending (arrow 2) voltages [see Fig. 4(b), top]. Both stiffness values are within the range of measured values for vertebrate hair celis¢ thdseca

bundles are close in proximity, we cannot exclude the possibility that in one or both cases the displacement whisker contacted more than onsirigladle, so

canal bundles may be less stiff than these numbers suggest: (a) the voltage change is 26 mV (20 mV per division), which corresponds to a displacement of
219 nm and a stiffness of 8:710~% N/m and (b) the voltage change is 30 mV, which corresponds to a displacement of 263 nm and a stiffnegs16f 6.8

N/m. The voltage-displacement relation is different in (a) and (b) because this relation is established empirically for each experiment.
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IV. DISCUSSION and deflections when assessing stiffness of the displacement

We have developed an improved method for measuring tWhiskers isllimited by th.e. opt'ics of the microforge scope which
stiffness of living ciliary bundles on hair cells of the inner eaff2d & maximum magnification 260 _
Our method relies on a two-channel EFPI that uses fiberoptic-n2lly, the range of deflections and forces (weights) used
sensors to measure: 1) the stimulus delivered to the cilidfy calibrate the displacement whisker are larger than the
bundle and 2) the bundle’s response. We verified the accur:?kf’ifff‘c"'n‘ater deflections and picoNewton forces we use during
of our method by testing imitation ciliary bundles of knowrPifiness measurements with the EFPI. However, they are
stiffness. In addition, we measured the stiffness of living ciliargtfTiciently small that we assume linearity of displacement

bundles in the posterior semicircular canal and obtained valJf¥@isker and imitation bundle stiffness across the range of
similar to those in the published literature. displacements and forces we used in this work.

A. Advantages of the Two-Channel EFPI C. Limitations and Future Improvements

Our instrumentation and measurement protocol have sevThe threshold sensitivity (MDD) of our current system is
eral advantages over previous methods of measuring cilig@gproximately 30 nm, which is sufficient to measure physi-
bundle stiffness. First, interferometers—especially multiplogical displacements of ciliary bundles. Greater sensitivity
beam interferometers like the EFPl—provide extremely afdecreased (MDD)] should be achievable by decreasing system
curate measurements of small displacements. Thus, they a@ise that is present in the instrument; no attempt to do so
well suited for measuring physiological deflections of ciliaryvas undertaken.
bundles and distinguishing small stiffness differences betweerA second limitation of our current system is the diameter of
heterogeneous bundle types. the unetched sensor tip of approximately 128, of which 9

Second, the extrinsic cavity and fiberoptic delivery systepim is the optic fiber core (standard core diameter for 1300—nm
of the EFPI allows us to direct the fine sensor tip at any bundight) and 116:m is the surrounding cladding. Etching reduces
on the neuroepithelium while visualizing the bundle-sens#ite sensor diameter by removing cladding, which increases the
complex using high power microscope objectives. Thus, vight loss of the fiber and reduces signal intensity. So some
can assess bundl@ssitu, and avoid the mechanical disruptioncompromise is necessary. In practice, we etched the sensor
of delicate bundle components that may accompany hair cél to a diameter of approximately 33m, which is close
dissociation or stripping the neuroepithelium away from it® the evanescent field. Etching, beyond the;83-diameter,
connective tissue base. resulted in loss of a signal, making displacement measurements

Third, the accuracy of our measurements is further egifficult or impossible. With the sensor tip near the surface of
hanced by our calibration procedure. For displacements gredt neuroepithelium, the resulting light spot is approximately
than 325 nm, the calibration value (peak-to-peak voltagee same diameter as the etched fiber tip, which makes it
produced by a 325-nm displacement) can be read directlifficult to assess the shortest bundles. For these hair cells
from the measurement trace; thus, calibration is inherentifnmay be necessary to build a second generation instrument
the measurement. For smaller displacements, we calibrate tis#1g a smaller optical fiber core or use a signal processing
system immediately before each measurement instead ofteghnique. Future signal processing of the reflective signal
the beginning and end of a measurement series. This redu¢es the bundles could be beneficial.
the danger that changing experimental conditions will lead toA complication with our system is the need for a reflec-
measurement errors or force rejection of a measurement seti¢g target. Living bundles do not generate usable reflections
if the calibration values change. without additional signal processing [16]; thus, we use the

Finally, we measure both the step applied to the bundle afeflective displacement whisker as our target, which has ad-
the bundle’s deflection with the EFPI, and we use the rati@ntages and disadvantages. Although cleaned glass whiskers
of these displacements to calculate bundle stiffness. Thus, @@pear to stick firmly to the bundles (bundles can be pushed
need not relay on the accuracy of the stepper’s stated outfit,pulled by attached displacement whiskers), we cannot
and the ratio removes any constant error in our measuremeasolutely exclude the possibility of some movement between
Furthermore, the error we see in measuring one moveméuindle and displacement whisker. On the other hand, use of
with both EFPI channels (3% in our current instrument) telke easily visible displacement whisker means that we know
us the minimum stiffness difference between bundles that Weecisely the site on the bundle whose movement we measure
can reliably detect. with the EFPI.
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