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Abstract. The biophysical properties and organization of cell mem-
branes regulate many membrane-based processes, including electro-
motility in outer hair cells (OHCs) of the cochlea. Studies of the mem-
brane environment can be carried out by measuring the orientation of
membrane-bound fluorophores using fluorescence polarization mi-
croscopy (FPM). Due to the cylindrical shape of OHCs, existing FPM
theory developed for spherical cells is not applicable. We develop a
new method for analyzing FPM data suitable for the quasi-cylindrical
OHC. We present the theory for this model, as well as a study of the
orientation of the fluorescent probe pyridinium, 4-[2-[6-
(dioctylamino)-2-naphthalenyl]ethenyl]-1-(3-sulfopropyl) (di-8-
ANEPPS) in the OHC membrane. Our results indicate that the absorp-
tion transition dipole moment of di-8-ANEPPS orients symmetrically
about the membrane normal at 27 deg with respect to the plane of the
membrane. The observed agreement between theoretical predictions
and experimental measurements establishes the applicability of FPM

to study OHC plasma membrane properties. © 2007 Society of Photo-Optical
Instrumentation Engineers. [DOIl: 10.1117/1.2717499]
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1 Introduction

The importance of the cell membrane environment in regulat-
ing biological function has become increasingly evident.
Originally thought to serve simply as a barrier between the
cell and its external environment, the plasma membrane is
now implicated in relaying most of the external signals a cell
sends or receives.' One useful method for probing the mem-
brane environment is the study of membrane-bound fluoro-
phore orientation. The orientation of membrane molecules is
important in defining the structure and electrostatic behavior
of the membrane. For example, phospholipid headgroup ori-
entation has shown sensitivity to the presence of both ions and
amphiphilic molecules as demonstrated by nuclear magnetic
resonance Spectroscopy (NMR)Z’3 and molecular dynamics
simulations.* Moreover, changes in the orientation of mem-
brane molecules have been linked to many biological pro-
cesses such as cell membrane fusion,("7 and recent reports
suggest that the membrane environment plays a direct role in
mediating protein function.®°

In the cochlea, outer hair cells (OHCs) display a protein-
driven, membrane-mediated electromechanical transduction
process.“’12 The OHC is a unique, sensory epithelial cell that
responds to transmembrane potential changes through axially
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directed whole cell deformations.”>™" This process, termed
electromotility, is thought to play a role in the active mecha-
nism necessary to obtain the sensitivity and frequency selec-
tivity of mammalian hearing.""'*'*!7 The electromotile re-
sponse is initiated in the OHC plasma membrane'®" either
directly or indirectly through the transmembrane protein
prestin.17‘20 However, details of the molecular mechanism of
electromotility and the role of the plasma membrane remain
elusive.

Electromotility is sensitive to the presence of both hydro-
phobic ions (CI~, 17, and Br™) or the amphiphilic metabolite
of aspirin, salicylate.ﬂ’22 In the case of salicylate, there is
speculation that this small, polar molecule acts as a competi-
tive antagonist to intracellular C1~ ions.” Yet evidence in syn-
thetic membranes suggests that salicylate acts directly on the
membrane and disrupts stability by reducing membrane bend-
ing stiffness and thickness.”* Additionally, reports have dem-
onstrated prestin oligomerization,25_27 and recent evidence in-
dicates these prestin-prestin interactions depend on membrane
cholesterol composition (data not presented here). In addition
to membrane composition, membrane curvature can also play
an important role in mediating protein-protein interactions.”®
Thus, the ability to correlate OHC membrane behavior with
the orientation of constituent molecules will further elucidate
the role of the plasma membrane environment in mediating
both prestin function and OHC electromotility.
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Fig. 1 Structure of di-8-ANEPPS.

Fluorescence polarization microscopy (FPM) is a powerful
technique that exploits the anisotropy of fluorescent mol-
ecules to discern information about the orientation of
membrane-embedded probes. The original theory for FPM
was developed by Axelrod to study the orientation of
3,3’-dioctadeylindocarbocyanine  dil-Cg—(3) (dil) in
sphered red blood cells.” We previously applied FPM to
study membrane fluorophore orientation in synthetic, giant
unilamellar vesicles (GUVs),30 and other laboratories used
similar theories to study actin orientation in red blood
3132 and muscle.**** Because the technique can be carried
out in live cells, dynamic studies are also possible. FPM thus
has the potential to correlate the orientational order of the
membrane with physiological processes.

In this study, we utilize FPM to investigate the orientation
of a lipophilic dye molecule, pyridinium, 4-[2-[6-
(dioctylamino)-2-  naphthalenyl]ethenyl]-1-(3-sulfopropyl)
(di-8-ANEPPS), in the OHC plasma membrane. Di-8-
ANEPPS (Fig. 1) was originally developed in the Loew labo-
ratory as a voltage-sensitive membrane probe.35 The absorp-
tion transition dipole moment of di-8-ANEPPS is predicted to
be in the plane of the conjugated ring system, directed along
the axis connecting the pyridinium and napthyl nitrogens,36‘37
When di-8-ANEPPS absorbs energy and is elevated to an ex-
cited state, the positive charge centered about the pyridinium
nitrogen transfers to the naphthyl nitrogen. Interactions be-
tween the transmembrane electric field and the transition di-
pole moments of the fluorophore induce a spectral shift of the
emission.”’>° Thus, the membrane dipole potential can be
measured through quantization of these potential-sensitive
fluorescence spectra shifts.****

In cell membranes, di-8-ANEPPS interdigitates with lipid
molecules, aligning with their polar and nonpolar regions and
shows minimal internalization.*® In OHCs, di-8-ANEPPS Ila-
bels the plasma membrane effectively and selectively43 and
has been used in several studies of lateral diffusion in
OHCs.*"* The diffusion of di-8-ANEPPS in the OHC mem-
brane has shown sensitivity to voltage and ionic amphipaths,
and these effects have been attributed to nanoscale rippling of
the OHC membrane.**” In addition, recent results indicate
that di-8-ANEPPS lateral diffusion is anisotropic and that this

Journal of Biomedical Optics

021002-2

anisotropy may be mediated by interactions with the underly-
ing cytoskeleton of the OHC trilaminate lateral wall
structure.*® Quantifying the orientation of di-8-ANEPPS in
the OHC lateral wall can lead to a deeper understanding of
these experimental observations.

We begin here with a presentation of FPM theory devel-
oped specifically for use in analyzing the orientation of a
membrane probe in the cylindrical OHC. This required an
extension of the original FPM theory developed for a spheri-
cal sample.” We then describe FPM experiments conducted
in living OHCs. Comparing theoretical orientation predictions
with experimental results, we can predict two parameters: the
orientation of the absorption transition dipole moment of di-
8-ANEPPS with respect to the plane of the OHC membrane
(#) and the fraction of oriented molecules (OF). Knowledge
of both ¢ and OF provides insight into a number of physical
properties of the membrane, such as stability and
organization.

2 Fluorescence Polarization Microscopy

FPM utilizes polarized light to determine the orientation of
the absorption and emission transition dipole moments of a
fluorescent molecule. The technique exploits the anisotropy of
fluorescent molecules, which is defined as the degree of emis-
sion polarization from a sample excited with polarized 1ight.48
A fluorescent molecule will be preferentially excited if its
absorption transition dipole moment is aligned with the polar-
ization of the incoming light. If the transition dipole moment
is misaligned, the absorption is equivalent to the squared co-
sine of the angle between the transition dipole moment and
the polarization vector. If the fluorescent intensity from this
fluorophore is measured after passing the emission through a
second polarizer, or analyzer, oriented either parallel or or-
thogonal to the excitation polarization, the orientation of the
dipole can be calculated. This calculation is straightforward,
since the intensity measured is simply the projection of the
electric field of the molecule’s transition dipole moment onto
the transmission axis of the analyzer.”® Thus, an orientation-
dependent, theoretical prediction for fluorescent intensity can
be validated through experimental measurements. This theory
for a single transition dipole moment can be extended to a
collection of transition dipole moments oriented on a sample,
such as fluorophores in a cell membrane.

2.1 Cylindrical Geometry Theory

To apply FPM to the OHC, we have developed a cylindrical-
sample specific FPM model. Several factors are important in
defining a model for fluorophore orientation in a sample: the
effect of high numerical aperture optics, the difference be-
tween fluorophore absorption and emission transition dipole
moments, consideration of the range of fluorophore orienta-
tions in a measurement region, and the optical resolution
limit. Each of these factors has been discussed at length
previously,” so only those directly affected by the use of a
cylindrical sample are explained in detail here. The general-
ized equation for the total fluorescence from a sample is
shown in Eq. (1), where m({), ) is a weighting function
describing the distribution or density of excited fluorophores.
This equation can be rewritten more specifically based on
analyzer orientation, Eq. (2).
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Fig. 2 (a) Graphical depiction of two coordinate systems defined for the cylindrical FPM model. The x coordinate system is the sample frame of
reference. The x’ system is the dipole or fluorophore frame of reference. The angle ¢ indicated in the top inset is a rotation angle used to translate
the fluorophore frame of reference into the sample frame of reference. The bottom inset shows the predicted orientation of the emission transition
dipole moment of di-8-ANEPPS in the fluorophore frame of reference. (b) OHC FPM intensity measurement regions. Shown here are top-down and
side views of an imaged OHC. A¢ and ¢, are angles of integration represented generically by s in the FPM model.

Fy(p)= f JQ m(Q, )l | ,dQds, (1)

F () =KJ\ () + K Jo () + KpJ5 ()

Fi(w) =KJ\(w) + KpJr () + K J3(). (2)

Here, the subscript on F' denotes the orientation of the emis-
sion polarizer. In these generalized equations, the parameter u
represents all the constant parameters of the fluorophore, such
as the angle between absorption and emission transition di-
pole moments and rotational diffusion rate. In contrast, the
parameter () represents all angular variables such as the
angles associated with anisotropic excitation and orientation
angles over which integration occurs. s is a general parameter
that relates to sample size. I, j are the fluorescent intensities
of a single transition dipole moment as measured through the
two orientations of the emission polarizer. The optical system
dependent K parameters are included to account for the effect
of high numerical aperture on polarized light and have been
defined previously.29’49 The J parameters, which relate to the
distribution of excited fluorophores, are sample dependent and
are the source for the most drastic changes between the
spherical and cylindrical FPM models. The generalized equa-
tion for the J parameters is shown in Eq. (3), where x; corre-
sponds to one of three coordinates for emission transition di-
pole moment orientation.

J,»(,u):ff m(Q,,u)x,-deds. 3)
sJQ

To develop a specific model of fluorophore orientation on a
cylindrical sample, we must define two frames of reference, a
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fluorophore frame of reference (X’) and a sample frame of
reference (X), as shown in Fig. 2(a) The fluorophore frame of
reference is defined such that X} resides along the membrane
normal. In the fluorophore frame of reference, the coordinates
of the emission transition dipole moment are [see Fig. 2(a)
(inset) for angle definitions]:

xj=sin 7 cos 0’

r_ ’ ’
X, =cos 1’ cos 0

x;=sin 6. 4)

Expression of these coordinates in the sample frame of refer-
ence requires two transformations: 90 deg about X| and, sub-
sequently, —¢ about X} [Fig. 2(a)]. The resulting components
of the emission transition dipole moment are:

x; =sin %’ cos ¢cos 8’ —sin @’ sin ¢

X, =sin 6’ cos ¢+ sin 7’ cos @’ sin ¢

x3=—cos ' cos '. (5)

By substituting 6 for 6" and » for %', this set in Eq. (5) can
also represent the coordinates for the absorption transition di-
pole moment. The excited molecule orientation distribution
for a molecule oriented at 7, on excitation and at 77 on emis-
sion at Az time later is:
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Table 1 FPM parameters used in the definition of excited molecule
orientation density [Eq. (6)]. We estimated the fluorescence lifetime
(7) of di-8-ANEPPS as the lifetime of a similar dye molecule in a
membrane.’?**®" Additionally, the rotational diffusion coefficient of
di-8-ANEPPS was assumed to be equivalent to the rotational diffusion
of a lipid in a model membrane.®'

Parameter Description

T Fluorophore lifetime

Bo Angle between absorption dipole and
excitation polarization direction

cos?f, Equivalent to x3 with 6=6 and 7' =7

Solution to the rotational diffusion
equation:

p(An,At)

p(Am,AD=1/2m+1/ 7S expl

k=1
—k2DAt)cos(kA ),
where D is the rotational diffusion
constant.

o0

1 o
m(Q,u) = ;f cos?Byp(Am, At)exp=2""d ,dAt.

ny=—m 7 Ar=0
(6)

The remaining parameters in this equation are defined in
Table 1. We evaluate this function at the two points on the
cylindrical OHC where we wish to take intensity measure-
ments and make predictions, region A (¢=1/2) and region B
(=0) [see Fig. 2(b)]. Since there is no ¢ dependence in the
cos?B, term, the weighting function is the same at both
locations.

m(Q, p) =

2
cos 0[1 )

cos(27) ]
+ .
2

1+4D7

We can now evaluate our sample-dependent J parameters by
combining Egs. (3), (5), and (7). For region A, we integrate
over A¢ around ¢=+ /2, resulting in:

A
J, = Td) cos’fsin’¢’

A 2
Jr= a¢é cos?6 cos>o’ [1 - —COS( i }
4 2(1 +4D7)
Ay, 5 ,[ cos(24) ]
Jy= 2 cos“fcos 0| 1+ —2(1 vapm) |’ (8)

For region B, we integrate between —@y< ¢ << ¢y, resulting
in:

cos(24) ]

Ji = % cos?fcos?’'| 1 -
2 2(1+4D7)

Jo = ¢y cos?fsin’ 6’
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cos(24) ] . ©)

%o 2 2
J3= 0 01+
3Ty covoeos 2(1+4D7)

Here ¢ represents the orientation of the axis connecting the
pyridinium and napthyl rings with respect to the plane of the
acyl chains. It is also equivalent to the difference between the
azimuthal angles that define the orientation of di-8-ANEPPS’s
emission and absorption transition dipole moments, 7’ and 7,
respectively, indicating that rotation of the molecule during
the excited state occurs in the plane of the membrane’s acyl
chains. Combining Eq. (8) or (9) with Eq. (2) yields predic-
tions of the fluorescent intensity in each polarization direction
as a function of the molecular orientation of the fluorophore
with respect to the membrane. A series of intensity ratios is
then calculated using intensity predictions from regions A and
B (10). The use of ratios eliminates concentration dependence
and allows for cell-to-cell comparison. Here, the superscript
denotes the region on the cell and the subscript denotes the
orientation of the emission polarizer.

TR B B T (10)
Fy Fy Fy FLOFfF,
Experimental measurements of these ratios are used to vali-
date the theoretical model for dye orientation. Mathemati-
cally, this reduces to a multiparameter minimization problem.

2.2 Optimization of the Fluorescence Polarization
Microscopy Model

Optimization of the FPM model is carried out using the ge-
netic algorithm tool in Matlab. Genetic algorithms are used to
optimize solutions to search problems using techniques in-
spired by evolutionary biology. In searching for an optimal
solution, an initial population is stochastically generated.
Members of this population are chosen to reproduce and gen-
erate a new population that maintains some characteristics of
the initial population. This selection and reproduction contin-
ues until an optimized solution is met, as determined by mini-
mizing the fitting function value. In our optimization, the fit-
ting function utilized was the sum of squared errors in
prediction for each of the five ratios weighted by the corre-
sponding standard deviation of measurement. Defining the er-
ror as such insures that ratios with larger measurement error
do not inappropriately skew final angle determination.

Two parameters remain variable in our optimization, the
di-8-ANEPPS orientation angle (6) and the oriented fraction
(OF). As defined thus far, the FPM theory assumes all di-8-
ANEPPS molecules maintain the same orientation. In a bio-
logical system, adherence to this assumption is unlikely, as
some molecules will interact with plasma membrane constitu-
ents resulting in orientations different from the ensemble. To
account for these variable orientations, a portion of di-8-
ANEPPS molecules is permitted random orientations, and the
remainder of the population, the OF, maintains the orientation
predicted by the model. Previously, the randomized popula-
tion, 1-OF, was set to match immobile fractions measured
using fluorescence recovery after photobleaching (FRAP).”
While defining the parameter in this manner is intuitive, al-
lowing the OF to vary freely broadens its scope. In this work,
no initial constraints were placed on the range of OF. This
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change in definition allows OF to also act as a reporter of
membrane order and stability, since highly ordered, stable
membranes might restrict fluorophore orientation more than
their destabilized counterparts.

3 Materials and Methods
3.1 Outer Hair Cell Isolation and Loading

OHCs are obtained from guinea pigs (Charles River, Will-
mington, Massachusetts). Females ranging in weight from
170 to 230 g are decapitated, and both temporal bones are
excised. Portions of the temporal bone and otic capsule are
removed to expose the top two turns of the cochlea. Dissec-
tion is done with the bone and cochlea bathed in extracellular
(EC) solution (140-mM NacCl, 5-mM KCI, 10-mM HEPES
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 10-mM
glucose, 1-mM MgCl,, 2-mM CaCl,, ~290 to 300 mOsm,
pH 7.3). Once two turns are exposed, the cochlea is placed in
EC solution loaded with 150-uM di-8-ANEPPS (Invitrogen
Molecular Probes, Carlsbad, California) and incubated at
room temperature for 20 min. After incubation, the cochlea is
bathed in fresh EC solution, and OHCs are
removed from the cochlear tissue through mechanical
dissociation.

3.2 Acquisition of Flourescence Polarization
Microscopy Images

FPM images are obtained on a Zeiss Axiovert 200M micro-
scope using a cooled charge-coupled device (CCD) camera
(Axiocam), both operated by Zeiss Axiovision 3.0 software.
Appropriate polarizers are inserted into prefabricated slots on
the microscope. A slider containing a vertical, linear polarizer
shielded by two neutral density filters is placed directly be-
tween the mercury arc lamp source and the fluorescence filter
wheel. A second slider containing two linear polarizers, one
vertical and one horizontal, is placed just before the camera.
The polarizers are oriented to achieve maximal light transmis-
sion when parallel, and maximal attenuation when orthogonal.

OHCs are chosen for FPM imaging based on standard
health characteristics and additional factors necessary for this
particular technique. First, the cell must have a basally located
nucleus, show no signs of internal Brownian motion, and have
negligible cytosolic fluorescence. In addition, the OHC must
maintain a rigid, cylindrical shape, and its long edges must be
brought into alignment with the vertical axis of the optical
system. Once a cell meets these criteria, two images are ob-
tained. The first is taken with the emission polarizer parallel to
the excitation polarizer. In the second image, the emission
polarizer is oriented orthogonal to the excitation polarizer.
The exposure time for each image is constant and is defined
using the software’s built-in measurement function when the
parallel image is obtained. Exposure times ranged from 2 to
8 s for each image pair.

After acquisition, appropriate length scaling is applied to
the image, and the diameter of the OHC is measured. Digital
apertures (0.97 um?, 36 pixels?) are placed on the cell at
points A, B, and B’ [see Figs. 2(b) and 3(g)] for intensity
measurements. Measured values at B and B’ are averaged to
exploit OHC symmetry and decrease measurement noise.
FPM ratios (10) are calculated using experimentally measured
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Fig. 3 OHC FPM images. (a) and (d) Transmitted light images. The
scale bar corresponds to 10 um. (b) and (e) Images taken with an
emission polarizer parallel to the excitation polarizer. (c) and (f) Im-
ages taken with an emission polarizer orthogonal to the excitation
polarizer. In all polarization images, the excitation polarization is lin-
ear and in the plane of the image along the long axis of the OHC.
Exposure times ranged from 2 to 8 s. (g) Close-up of FPM intensity
measurement regions corresponding to Fig. 2(b).

intensity values for each cell, and averages among the entire
cell pool are used for comparison with theoretical predictions
of the FPM ratios.

3.3 Microscope Calibration

Since microscope optics do not pass orthogonal polarizations
with the same efficiency, we have performed appropriate cali-
brations to insure that measured intensities from FPM images
are accurate. The anisotropy (r) of di-8-ANEPPS in chloro-
form (10 mg/L) was measured on the microscope used, and
compared to an anisotropy value obtained using the aniso-
tropy measurement function of a Jobin Yvon fluorometer
(r=0.006). Discrepancy between these values was used to
generate a calibration factor, or G factor, applied to all mea-
surements from the image obtained with perpendicular

March/April 2007 « Vol. 12(2)



Greeson and Raphael: Application of fluorescence polarization microscopy...

polarizers.”® A G factor specific to each day of experimenta-
tion was generated and ranged from 1.5 to 2.2.

3.4 Measurement of Angle between Absorption
and Emission Transition Dipole Moments

The angle between the absorption and emission transition di-
pole moments of a fluorophore (8’) can be measured experi-
mentally using randomly oriented, immobilized fluorophores.
To achieve this condition, 0.5 mL of di-8-ANEPPS dissolved
in chloroform (1 mg/ml) was spread onto a glass coverslip.
The chloroform was allowed to evaporate, and a thin layer of
agarose gel was placed on top to immobilize the remaining
di-8-ANEPPS molecules. FPM images were taken of this
plane of fluorescence, and following theory described
previously,29 the angle B’ was calculated.

4 Results

FPM was used to analyze the orientation of di-8-ANEPPS in
OHCs. Additionally, studies of randomly oriented, immobi-
lized di-8-ANEPPS molecules were conducted to determine
the angle between the absorption and emission transition di-
pole moments B’ of the fluorophore. Data from five immobi-
lization samples yielded a difference angle of +1.08 radians
or £61.9 deg.

For OHC FPM, a total of 17 cells were analyzed. Sample
OHC FPM images are shown in Fig. 3 and are indicative of
all cells investigated in this study. A qualitative look at these
images yields a considerable amount of information. First,
because the apical and basal portions of the cell are high-
lighted in the parallel images [Figs. 3(b) and 3(e)], we can
conclude that the di-8-ANEPPS emission transition dipole
moment lies approximately perpendicular to the plane of the
membrane. Second, the contrast between the parallel and per-
pendicular images indicates that di-8-ANEPPS maintains a
preferred orientation. If the molecules were completely ran-
domly oriented, no differences would be expected between
the two FPM images.

Following implementation of our FPM optimization algo-
rithm, it became apparent that the ratio F/i / F’ﬁ was less sen-
sitive to € and OF than the remaining five ratios. This de-
creased sensitivity is evident in Fig. 4, which shows
individual ratio values as a function of 6, assuming a constant
OF. As such, we have chosen to eliminate the ratio F‘j/ Ff
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Fig. 4 Individual ratio values as a function of 6. The OF is assumed to
be 48.1%, as determined through optimization of the FPM model
using average intensity ratio values. The decreased sensitivity of F}/F;'
is evidenced by a nearly constant value for the full range of 8 values.

sition dipole moment, and results in the relationship
0'=6+p'". As expected, the results from the two cases are
symmetric about the membrane normal. When 6’ =6- ', we
predict 6 to be 26.7 deg. When 6’ =6+ 3', we predict 6 to be
153.3 deg. Both angle values correspond to an OF value of
48.1%, indicating roughly half of di-8-ANEPPS molecules
maintain the predicted orientation.

Though genetic algorithms are widely regarded as robust
algorithms for minimizations, such as the one performed here,
an additional assay was carried out to insure that the minima
arrived at were global rather that local. Using the OF result
from the genetic algorithm optimization, the fitting function
was plotted as a function of @ ranging from 0 to 360 deg.
Results from the 6’ =6+ B’ case are shown in Fig. 5. Period-

Table 2 Comparison between experimentally measured ratio values
and those theoretically predicted using the FPM model (n=17). Val-
ues for di-8-ANEPPS absorption transition dipole moment orientation
(0) and (OF) as well as the fitting function value (ffval) are also pre-
sented.

from the final FPM data analysis. Utilizing the remaining five Ratio Experiment Theory

ratios, the cylindrical FPM model is capable of predicting

di-8-ANEPPS orientation within 18% error for each indi- 0=0-p 0=0+8
vidual ratio (Table 2).

The determination of fluorophore orientation using the FS/F 1.35+0.24 1.38 1.38
FPM model requires definition of a relationship between the FA/ 8 102 +0.07 0.88 0.88
orientations of the absorption and emission transition dipole e e ' ’
moments of the molecule as well as B’, the difference be- FA/F8 0.66 + 0.12 0.73 0.73
tween these angles. There are two ways to define this relation-
ship based on the polar coordinate system, and both were FA/F 0.87 +0.13 1.00 1.00
employed. The first assumes that the absorption transition di- —
pole moment is oriented at an angle larger than the emission FL/H 132024 1.56 1.56
transition dipole m(?ment., gnd resqus in. the relationship P 26.71 deg 153.29 deg
0'=60- ', where 0’ is emission transition dipole moment ori-
entation and 6 is absorption transition dipole moment orien- OF 48.10% 48.10%
tation. The second assumes the absorption transition dipole
moment is oriented at an angle smaller than the emission tran- fival 0.68 0.68
Journal of Biomedical Optics 021002-6 March/April 2007 « Vol. 12(2)
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Fig. 5 Average error of FPM model prediction (sum of squared errors
weighted by the standard deviation of experimental measurement) as
a function of 6. (a) As expected, periodicity about 180 deg is present.
One global minima is found at 27 deg as well as two local minima at
~125 and ~170 deg. (b) Close-up of global minima.

icity about 180 deg is present as expected. Also evident is the
global minima at 27 deg, which corresponds to results ob-
tained in the genetic algorithm optimization.

5 Discussion

In the study presented here, we have developed an FPM
model for membrane fluorophore orientation applicable to cy-
lindrically shaped cells such as auditory and vestibular hair
cells. Developing this analysis method required redefining the
mathematical equations that describe ensemble fluorophore
orientation in a sample, and a genetic algorithm optimization
was utilized to match theoretical predictions of intensity ratios
to experimentally measured values. The result is a quantitative
assessment of di-8-ANEPPS orientation and order in the OHC
plasma membrane. In assaying the prediction success of the
ratios remaining after exclusion of F‘i/ Ff, all five theoretical
ratios match to experimental ratios within 18%, and four of
the remaining five match within the standard deviation of
measurement (Table 2). While even greater agreement be-
tween theoretical and experimental values would be ideal, this
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level of prediction is appropriate for a biological sample. It
should also be noted that a similar level of agreement was
achieved by Axelrod in his study of dil orientation in the red
cell membrane,29 as well as in our studies of lissamine
rhodamine phosphoethanolamine and dil orientation in
GUVs.”

Based on a qualitative assessment of OHC FPM images
(Fig. 3), it appears that the emission transition dipole moment
orientation of di-8-ANEPPS is more normal than tangential to
the plane of the membrane. From our FPM modeling results,
when 6'=60-p', 0 is 26.7 deg (Table 2). For both of these
results to hold, B’ must be negative, resulting in a 6" of
88.6 deg. Likewise, when 6'=6+p’, 6 is 153.3 deg, which
corresponds to a 6" of 91.4 deg when B’ is negative. It is
important to note that these two symmetric results are equiva-
lent, as di-8-ANEPPS is constantly undergoing rotational dif-
fusion about its axis normal to the plane of the membrane.
This equivalency is validated by the FPM model, which pre-
dicts identical ratio values for both cases (Table 2).

Previous reports of di-8-ANEPPS orientation in a pure
lipid membrane predict an orientation angle of 36+3 deg™
and 37.8+1.6 deg’' with respect to the membrane normal.
We predict di-8-ANEPPS orientation to be 26.7 deg from the
membrane plane or 63.3 deg from the membrane normal. One
potential explanation for this discrepancy is that the previous
studies were conducted in synthetic, rather than biological,
membranes. Second, in the previous work, the absorption and
emission transition dipole moments are presumed to be
collinear.”*" However, in our findings, the difference angle
between the absorption and emission transition dipole mo-
ments of di-8-ANEPPS was found to be 61.9 deg. It is likely
that this difference angle is the result of a transition from a
locally excited state to an intramolecular charge transfer state.
During this transition, di-8-ANEPPS molecules undergo rota-
tions to reach equilibrium with the surrounding solvent.>*?
This process relates to the dependence of the spectral charac-
teristics of di-8-ANEPPS on the polarity of its
environment.”>>*

It is also instructive to note that photoisomerization of di-
8-ANEPPS may occur. A recent study demonstrated photoin-
duced isomerization of another member of the electrochromic
family of dye molecules, (E)-4-[2-4-(dihexylamino)phenyl]
ethenyl]-1-(4-sulfobutly)-pyridinium  (di-6-ASPBS), using
high-powered, two-photon laser excitation on the order of 10
to 20 mW.> Our system, which utilizes a mercury arc source
passed through two neutral density filters and a linear polar-
izer, cannot achieve these high intensities required to induce a
trans-cis conformational change in the membrane. Therefore,
photoisomerization affects are likely negligible.

In addition to predicting and validating a measure of di-8-
ANEPPS orientation in the OHC plasma membrane, the re-
sults presented here also offer insight into the extent of di-8-
ANEPPS orientation through the prediction of the OF. Our
FPM model calculates that 48.1% of di-8-ANEPPS molecules
in the OHC membrane maintain the predicted ensemble ori-
entation, allowing the other half to maintain randomized ori-
entations. This reduced OF may result from the high concen-
tration of protein (roughly 60 to 75% of the membrane™®)
found in the OHC. The incorporation of large amounts of
protein into the membrane can have several affects on the

March/April 2007 « Vol. 12(2)



Greeson and Raphael: Application of fluorescence polarization microscopy...

behavior of a probe such as di-8-ANEPPS. For example, a
high protein concentration can significantly decrease the flu-
idity of the membrane,” and though a decrease in fluidity
might suggest a higher percentage of rigidly oriented di-8-
ANEPPS molecules, this idea neglects the behavior of the
large fraction of dye molecules that will likely be located at
the lipid-protein interfaces, sites of increased curvature in the
membrane.”’ Another potential explanation may lie in the
nanoscale architecture of the OHC membrane. The
membrane-bending model of electromotility postulates that
electrically induced membrane curvature changes drive rapid
OHC length changes.”” Nanoscale curvature of the OHC
membrane, or rippling, is thought to be present at resting po-
tential, and potentially demonstrates heterogeneity consistent
with the heterogeneities seen in the structure of the underlying
cytoskeleton.58 This curvature variation on the membrane
scale coupled with curvature at the protein-lipid interface
could account for an increase in randomly oriented di-8-
ANEPPS molecules.

It is also possible that the lower OF measured results from
the presence of two or more unique populations of di-8-
ANEPPS that maintain different preferred orientations. In tan-
dem FPM studies of fluorophore orientation in GUVs, we
have successfully implemented two- and three-state orienta-
tion models (data not presented here). Unlike these cases, the
application of a two-state orientation model for di-8-ANEPPS
in the OHC membrane shows no improvement in error mini-
mization between theory and experiment. As such, we main-
tain confidence in the existence of a single ensemble orienta-
tion for di-8-ANEPPS in the OHC membrane with an equally
pervasive randomly oriented fraction.

FPM is an elegant and quantitative optical technique ca-
pable of reporting the orientation and OF of a fluorophore
labeling the membrane. We have presented the first applica-
tion of FPM to an auditory system cell and laid the ground-
work for future applications of this technique to study the
OHC membrane response to various perturbations of mem-
brane composition and curvature. The results presented here
indicate that the absorption and emission transition dipole mo-
ments of di-8-ANEPPS are not collinear as previously
assumed.”™”!" We have also demonstrated that despite a rela-
tively large displacement angle during the excited state life-
time, the fluorophore’s emission transition dipole moment still
maintains the predicted membrane normal orientation. This
study has established FPM as a technique for investigating the
steady-state orientational order of the OHC plasma membrane
that can be utilized to further our understanding of the mem-
brane’s role in OHC electromotility.
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