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Abstract 

3D Architecture of the Outer Hair Cell Lateral Wall as Determined by Electron 

Tomography 

by 

William Jeffrey Triffo 

Cochlear outer hair cells (OHCs) are understood to provide the basis for 

mechanical amplification in the cochlea through electromotility, a phenomenon in 

which OHCs change length in response to variations in transmembrane voltage. 

Thus, study of peripheral hearing and cochlear function is linked to analysis of the 

OHCs operation as a mechanical actuator. A complete understanding of OHC 

mechanics depends on precise knowledge of intracellular structure, and efforts to 

model OHC physiology are likewise limited to the fidelity of known intracellular 

geometry. Previous studies have localized the mechanism of OHC electromotility to 

the cortex of the OHC, referred to as the lateral wall. The lateral wall can be viewed 

as a trilaminate composite made up of (1) the plasma membrane (PM), (2) a 

network of actin and spectrin termed the cortical lattice, and (3) lamellar stacks 

known as the subsurface cisternae (SSC). 3D study of lateral wall components in 

intact cells would augment the existing model, which relies in part on 2D data 

obtained from partially extracted cell preparations. Electron tomography utilizes a 

series of transmission electron microscopy projections from a tilted sample to 



reconstruct a volume density map, imaging macromolecular assemblies in their 

native cellular context. 

We began by evaluating TEM sample preparation methods, beginning with 

conventional aldehyde fixation protocols and progressing to high-pressure freezing 

and freeze-substitution (HPF/FS), which required development of new 

methodology for application to OHCs. Using HPF/FS cochlear samples from guinea 

pig, we employed electron tomography to study the 3D structural relationship of the 

PM, cortical lattice, and SSC. We observed and characterized novel structure within 

the SSC membrane and lumen, and also observed physical connections between the 

circumferential actin filaments and the SSC. Combined with the pillar proteins that 

join the PM and cortical lattice, these actin-SSC connections provide mechanical 

coupling between the PM and underlying SSC, which has direct implications for 

current models of OHC motility. 
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Chapter 1: Introduction 

1.1 Motivation for Electron Tomography of the Outer Hair Cell 

Our ability to hear depends upon amplification processes that arise due to 

the motility of a special subset of sensory cells in the cochlea, the outer hair cells 

(OHCs) (Ashmore, 2008, Dallos et al, 2008). Unique to the mammalian cochlea, the 

OHC possesses the remarkable ability to utilize changes in transmembrane potential 

to drive cellular length changes, known as electromotility. 

The initial motivation for this project originated with effort to analyze the 

electrophysiology of the OHC through the modeling of intracellular ion transport, 

extending the work of Halter et al. (Halter et al, 1997). In approaching this problem, 

it became clear that these models depend upon internal membrane geometry to 

provide boundary information for internal current flow. In the OHC, there are two 

areas for which assumptions have to be made that fundamentally alter the output of 

such models: (1) the fate of input current at the apex of the cell entering from the 

stereocilia, potentially directed by apical membrane compartments to the lateral 

wall, and (2) the geometry of membranes in the lateral wall, where the motility 

mechanism is located. Current 2D projection studies do not provide satisfactory 

answers to either of these questions in the context of whole-cell transport modeling. 

A full 3D analysis would be required to assess the continuity of these membranous 

structures throughout the cell before drawing conclusions on compartmentalization 

of transport in critical regions of the OHC, such as the lateral wall. 
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Electron tomography provides the resolution necessary to address such 

questions; while the scale of item (1) above is outside the scope of electron 

tomography, local assessment of (2) is possible. Thus began the pursuit of electron 

tomography of the lateral wall. In addition, evidence that internal membrane 

geometry is altered by sample preparation conditions (Dieler et al, 1991, Murk et 

al, 2003) also motivated pursuit of methods that would circumvent such artifacts, 

which led to the use of high-pressure freezing and freeze substitution (HPF/FS). 

As the project progressed, it evolved into a more general assessment of 

lateral wall structure, with the broader goal of studying the mechanical structure 

supporting this motility. The cortex of the OHC, referred to as the lateral wall, can be 

viewed as a trilaminate composite made up of (1) the plasma membrane (PM), (2) a 

network of actin, spectrin and 'pillar proteins' termed the cortical lattice, and (3) 

lamellar stacks known as the subsurface cisternae (SSC). The electromechanical 

transduction process has been localized to the lateral cell membrane of the OHC; 

thus, knowing how this energy is coupled to the adjacent cortical lattice and SSC is 

critical to the model of OHC operation. Because both mechanical and electrical 

models of OHC electromotility depend upon accurate depictions of the 

macromolecular complexes and internal membranous compartments that make up 

the OHC lateral wall, the fidelity of known lateral wall architecture directly affects 

our biophysical understanding of electromotility. 

Electron Tomography yields 3D density maps through the use of 

transmission electron microscopy (TEM) at a resolution of 3-5 nanometers, allowing 

the study of 3D structure and relationships of macromolecular complexes within 
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intact cells along with revealing detail in the membranous boundaries of 

intracellular compartments. Effectively, electron tomography allows the 

investigator to recover data lost in the z-direction in a standard projection TEM 

image, by combining the contributions of multiple TEM projections taken at various 

angles around the sample in manner analogous to that used in a medical CAT scan. 

Combined with high-fidelity sample preparation through high pressure freezing and 

freeze substitution, electron tomography provides an ideal approach to resolving 

many unanswered structural questions that are vital to the understanding of 

electromotility. 

1.2 Relation to Previous Work 

The current structural model of the OHC lateral wall, reviewed in Chapter 2, 

represents an amalgamation of results from studies spanning multiple decades, 

utilizing transmission and scanning electron (TEM/SEM) and atomic force (AFM) 

microscopy along with a wide variety of sample preparation methods. These include 

conventional aldehyde preparation protocols, extracted cytoskeletal preparations, 

and freeze-fracture / replica methods applied to fixed and fresh frozen specimens. 

In combining these observations, it is important to consider the limitations 

associated with the preparation methods, along with the imaging modalities. 

Previous studies of the cortical lattice using conventional TEM and AFM techniques 

often relied on extraction protocols that removed the lattice from its native 

environment, and/or suffer from the inherent limitations imposed by 2D projection 

methods (TEM) which effectively superimpose the contribution of density along the 
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beam path. Aldehyde fixation has been shown to affect the morphology of 

endomembranous compartments (Murk 2003), a subject of concern when imaging 

the SSC; depending on the fixation method, or animal model used, conflicting 

depictions of SSC ultrastructure have been reported. Previous attempts have been 

made to address these sample preparation concerns - for example, Slepecky and 

Ligotti (Slepecky 1992) applied slam-freezing against a cooled copper block and 

freeze substitution of cochlear hair cells to circumvent fixative-induced artifacts. 

However, in addition to mechanical constraints, this process results in a relatively 

thin layer (~10 microns) of well-frozen material restricted to the sample/metal 

freezing interface. To our knowledge, sample preparation via HPF/FS, and a true 3D 

analysis of the intact lateral wall structure, has not been reported. 

1.3 The Need to Pursue Advances in Sample Preparation 

For TEM, samples must be sectioned by microtomy to produce thicknesses 

than can be traversed by the electron beam. The majority of TEM of biological 

samples is conducted at room temperature on resin-embedded samples. Samples 

are embedded in resin because it allows the scientist to section material thin enough 

to be useful for TEM (20-500 nm). The conventional approach for TEM sample 

preparation is to chemically fix the sample using aldehydes and heavy metal stains 

(osmium, uranium) prior to dehydrating and infiltrating the sample with resin. To 

date, some variant of this approach has been used in the seminal studies from which 

the community has developed the current model of the OHC lateral wall structure. 
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Rapid freezing (RF) is the preferred method to immobilize a specimen for 

TEM imaging. Adequate freezing requires the formation of vitreous ice and the 

suppression of ice crystal formation, which produces artifacts. However, commonly 

available RF techniques such as spray cooling, plunging into a cryogen, and slam 

freezing against a cool metal block result in only a few to ten micrometers of well 

frozen sample, the rest damaged by ice crystals. For most eukaryotic cells and 

tissues, which often exceed this size limit, this is an obvious technical hurdle. High 

pressure freezing employs the application of high pressure (~ 2000 bar) 

immediately prior to the application of the cryogen, allowing good freezing of 

samples from 100-300 urn thick (McDonald & Auer, 2006, Moor, 1987, McDonald, 

2007). While cryo-TEM imaging of vitreous sections from HPF samples is becoming 

more common, it is not a practical alternative for many biological studies due to its 

low success rate. This is due both to increased demands of low-dose imaging, along 

with novel practical hurdles involved in nearly every step of sample preparation 

including sample orientation prior to microtomy, and the process of vitreous cryo-

sectioning itself. Further, because such samples are much more sensitive to electron 

dose than resin-embedded material, they result in low signal to noise ratio (SNR) in 

tomograms. Fortunately, the technique of freeze substitution allows for room 

temperature resin embedding, sectioning, and TEM imaging of HPF samples 

approaching the fidelity of cryo-TEM, avoiding the extraction and membrane 

artifacts associated with room temperature dehydration and diffusion-limited 

fixation (McDonald & Auer, 2006). Once cryoimmobilized, a sample is freeze 

substituted by slowly bringing the sample up to room temperature in a solution of 
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acetone and fixatives such as uranyl acetate and osmium tetroxide over a period of 

24-72 hours. The resulting sample is thus solvent exchanged and cross-linked, and 

can now be resin embedded by standard methods. HPF/FS thus provides a room-

temperature sample devoid of artifact concerns present with conventional 

aldehyde/dehydration-based approaches. 

Given the tight relationship between structural knowledge and functional 

understanding of electromotility, the fidelity of sample preparation is a prime 

concern in ultrastructural studies of the lateral wall. Considering the length scale of 

lateral wall features (< 10 nm), even subtle artifacts present in conventional sample 

preparation methods could significantly alter conclusions from TEM and electron 

tomography studies. In addition to a full 3D analysis provided by electron 

tomography, it is essential to pursue the best possible sample preparation methods 

to ensure a meaningful result; HPF/FS represents the highest standard we can 

currently apply in this regard. 

1.4 Overview of Results 

Two animal models served as the source of OHCs for distinct purposes. Mice 

(C57b strain) were used because of the availability of knockout models to compare 

to in future studies; guinea pigs (Hartley albino strain) were used because they have 

historically served as the dominant model for OHC physiology, perhaps due to their 

cochlea's ease of dissection. In general, dissection of fresh, live OC from adult mouse 

cochleae is exceedingly difficult due to an assortment of factors (minute size, 

orientation of the cochlear spiral, tight adherence of the organ of Corti to the basilar 
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membrane). Thus, for most results presented from mouse in this thesis the cochleae 

were chemically fixed prior to further processing. Guinea pig organ of Corti was 

more amenable to fresh dissection and thus the majority of fresh-frozen samples 

were obtained from guinea pig. 

We evaluated a range of sample preparation approaches for OHCs, first in 

mice, and then guinea pigs. We began with conventional aldehyde and dehydration 

protocols, followed by increasingly sophisticated approaches, including low 

temperature dehydration methods and also pre-fixation in aldehydes prior to 

HPF/FS, and finally fresh-frozen HPF/FS. The variance in results we observed both 

within and across these approaches convinced us that fresh-frozen HPF/FS was the 

method to pursue for our tomographic studies. This evaluation is the subject of 

Chapter 4. 

The pursuit of HPF/FS of OHCs presented new challenges, including the 

choice of cryo-protective filler during the freezing process, along with addressing 

changes in membrane contrast following freeze substitution. Difficulties 

encountered when dissecting fresh, non-fixed adult mouse cochleae shifted our 

focus to guinea pig as an OHC source. The ability to easily harvest multiple strips 

containing hundreds of OHCs from each cochlea gave us a ready source of material 

with which we could address these issues, but required a novel approach to process 

the tissue in HPF/FS. The resulting method, as published, is covered in Chapter 5. 

Our structural analysis of the lateral wall initially focused on cytoskeletal 

connections to the PM, thought to transmit force from a PM-based motor to the 

underlying cytoskeleton, known as pillar proteins. Our investigation of individual 
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pillars in 3D revealed heterogeneity in size and shape of these connections, in 

contrast to a regular, column-like shape assumed by previous models of the lateral 

wall. Further, their dimensions relative to the underlying actin cytoskeleton raised 

questions concerning their ability to rigidly convey force rather than buckle under 

the shear forces that a membrane motor would apply. 

During our tomography of guinea pig OHC lateral wall, we discovered and 

characterized novel structural organization within both the membranes and lumen 

of the SSC organelle. Rather than a floppy sack, the organelle instead appears to be a 

regular, rigid structure. Further, we established that the SSC was physically 

connected to the cortical cytoskeleton. This is a critical finding because it 

definitively links the SSC to the PM via the cortical cytoskeleton and pillar 

connections to the PM. We thus show, for the first time, that models of PM-based 

force generation must at least take into account the passive mechanical contribution 

of the SSC. Further, the organization of the SSC structure hints it may play a more 

active role than assumed by prior models of electromotility. 

To summarize, we applied two novel approaches - advancement in sample 

preparation through HPF/FS, and 3D characterization of ultrastructure through 

electron tomography - to take a fresh look at the structure of the OHC lateral wall. 

Our observations of pillar and SSC structure, combined with the linkage of the SSC to 

the cortical cytoskeleton, make major revisions to the current structural model of 

the lateral wall and force a reassessment of the underlying structural basis for OHC 

electromotility. 
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1.5 Structure of Thesis 

In this thesis, we develop a new method of specimen preparation for TEM of 

OHCs, and use electron tomography to characterize novel ultrastructure and probe 

the 3D connectivity of OHC lateral wall components. The thesis is structured around 

the following three specific aims. 

Specific Aim 1: Develop a method for high-pressure freezing and freeze 

substitution of OHCs for TEM and electron tomography. 

Specific Aim 2: Characterize a novel structure located in the membrane and 

lumen of the SSC using electron tomography. 

Specific Aim 3: Determine the 3D structural relationships of the cortical 

cytoskeleton, plasma membrane, and SSC of the intact lateral 

wall through electron tomography. 

Specific Aim 1 addresses a much-needed advance in specimen preparation 

for the study of OHCs using electron microscopy methods. Specific Aim 2 

investigates novel ultrastructure within the SSC organelle that we discovered during 

our pursuit of lateral wall electron tomography, while Specific Aim 3 addresses the 

general question of interconnectivity between the cytoskeletal and membrane 

components of the lateral wall. Aims 2 and 3 differ from previous studies in two 

fundamental ways: (1) the application of HPF/FS to produce the highest-fidelity 

OHC samples to date, and (2) the usage of electron tomography for a true 3D 

analysis. 
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Chapter 2 provides background on the role of the OHC in hearing, the 

relationship of lateral wall structure to our understanding of OHC electromotility, 

and a general introduction to the technique of electron tomography. Chapter 3 gives 

an overview of the general methods pursued in our experiments; details pertinent 

to individual experiments are summarized at the beginning of the relevant chapters 

that follow. Chapter 4 covers the breadth of sample preparation approaches we 

pursued in both guinea pig and mouse for the analysis of OHCs by TEM and electron 

tomography. Chapter 5 describes our solution and approach to addressing Aim 1 for 

guinea pig OHCs, and also illustrates the application of the method to a second 

model system (breast cancer acini). Chapter 6 presents and discusses the results of 

Aim 2 and Aim 3, using guinea pig as the source for OHCs. The conclusion, Chapter 7, 

summarizes the findings of the previous chapters and the main contributions of the 

thesis work. 
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Chapter 2: Background 

2.1 Path of Sound to the Cochlea, Its Structure, and Function 

What we perceive as sound is our interpretation of pressure changes in our 

environment, most commonly in air. Humans are able to detect frequencies ranging 

over 3 orders of magnitude, from 10 hertz (Hz) to 20kHz (Geisler, 1998). The ear is 

the peripheral component the auditory system that is responsible for transduction 

of sound waves into neural signals, which undergo further processing in the 

brainstem and midbrain en route to specialized areas of the temporal lobe of the 

cerebral cortex, specifically Brodman's areas 41 and 42 (Kandel et al, 2000). The 

ear is commonly divided into three sections: the outer, middle, and inner ear (Figure 

2-1). 

2.1.1 The Outer and Middle Ear 

The outer ear consists of the pinna, the fleshy part we all associate with the 

ear, and the external canal. The pinna serves to focus incoming waves down the 

external canal towards the tympanic membrane, or eardrum, which serves as the 

interface between the outer and middle ear. The shape of the pinna modulates the 

amplitude of the incoming signal in a manner dependent on both incoming 

horizontal azimuth and frequency (Geisler, 1998). 
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The middle ear is also air-filled, and contains three bones, or ossicles: the 

malleus, incus, and stapes. The malleus is connected to the tympanic membrane, 

while the stapes connects to the oval window of the cochlea, or "inner ear". The 

lever-like function of the middle ear bones serves to amplify the force from the 

eardrum onto the oval window by a factor of 1.3 (Guyton & Hall, 2000). Together 

with the fact that the area of the tympanic membrane is about 17 times greater than 

that of the surface area of the stapes, this results in a 22-fold increase in the 

pressure impinging on the cochlea (Guyton & Hall, 2000). Because the cochlea is 

fluid filled, and fluid possesses greater inertia than air, without amplification there 

would be an impedance mismatch when transmitting sound waves from the middle 

to inner ear (Guyton & Hall, 2000). The amplification of the ossicles thus allows for 

more efficient transmission of the initial sound wave captured by the tympanic 

membrane to the cochlear fluid. 

2.1.2 Overview of Cochlear Structure and Function 

The cochlea is a spiral structure which contains the sensory cells necessary 

for hearing; it is embedded in the temporal bone of the skull, and it is bounded by 

the otic capsule (Slepecky, 1996). It is easiest to discuss its structure by "unwinding" 

the spiral out into a tube, referred to as the cochlear duct, as seen in Figure 2-2a. In 

humans, the cochlear duct is about 35 mm long (Dallos, 1992). 
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Figure 2-2 Illustrations of cochlear anatomy, (a) Depiction of unwrapped cochlear 

duct, illustrating the path of sound from stapes to round window (Geisler, 1998). (b) 

Axial slice through the cochlear duct, from (Guyton & Hall, 2000). 
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Vibration of the stapes against the oval window launches an acoustic wave 

down the scala vestibuli, which is contiguous with the scala tympani via the 

helicotrema. Sound waves are thus able to traverse the cochlea and dissipate their 

energy via vibration of the round window. Along the way, sound waves impart 

energy to the cochlear partition, causing it to vibrate. The cochlear partition, 

together with another membranous structure, Reissner's membrane, serves to 

delineate the scala media, the third major compartment in the cochlea. The fluid in 

the scala vestibuli and scala tympani is referred to as perilymph; the fluid of the 

scala media is the endolymph (Slepecky, 1996). The perilymph is contiguous with 

the cerebrospinal fluid (CSF) of the central nervous system via a structure called the 

cochlear aqueduct (Slepecky, 1996), and is high in sodium (Na+) and low in 

potassium (K+) ions. The endolymph, on the other hand, has a low sodium 

concentration, but is high in potassium. In the endolymph, the Na+ concentration is 

about ImM, while the K+ concentration is 157mM; in the perilymph, the Na+ 

concentration is around 145mM, while the K+ concentration is ~5mM (Wangemann 

& Schacht, 1996). The composition of these fluids is vital to proper function of the 

sensory cells within the cochlea. 

An axial slice through the unrolled cochlea gives a better depiction of the 

relationship between the three compartments and the vibrating cochlear partition. 

As seen in Figure 2-2b, the left border of the slice is composed of bone called the 

modiolus, which contains the spiral ganglion, the cell bodies of the primary neurons 

of the auditory nerve. The right, or outside border in this slice is the otic capsule. In 

the scala media, the outside wall is composed of the stria vascularis, an epithelial 
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tissue that secretes potassium into the endolymph. There is general agreement that 

the stria vascularis contributes directly to maintaining the high potassium content 

of the scala media (Slepecky, 1996). The organ ofCorti, which contains the sensory 

cells of the cochlea, sits on top of the basilar membrane; its apical surface forms the 

lower border of the scala media. It is the interplay between the displacements of the 

basilar membrane (BM) and organ of Corti which stimulate the sensory cells of the 

cochlea, converting auditory signals into neural information. 

2.1.3 Structure of the Organ of Corti 

The organ of Corti is composed of a large number of supporting cells and 

sensory cells. Here, we will only focus on the sensory cells, known as hair cells. Hair 

cells are characterized by elongated microvilli called stereocilia, which are stiff, 

actin-filled, finger-like projections that extend from the apical end of the cell into the 

endolymph of the scala media (Slepecky, 1996). Deflection of the stereocilia changes 

the conductivity of a mechanosensitive ion channel at the tip of the cilia, thus 

altering the internal electrical potential of the cell (Kros, 1996). There are two 

populations of hair cells in the cochlea; outer hair cells (OHCs) and inner hair cells 

(IHCs) (Slepecky, 1996). An image of an isolated OHC and cartoon schematic are 

illustrated in Figure 2-3a. While the pattern varies slightly between outer and inner 

hair cells, the stereocilia of both are graded in height and connected by tip links; this 

arrangement allows the stereocilia to move in a group (Geisler, 1998). The apical 

surfaces of inner and outer hair cells and their supporting cells are joined together 

by adherens junctions; the resulting interwoven surface comprises the reticular 
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lamina. Overlying the reticular lamina is a gel-like structure composed of 

extracellular matrix called the tectorial membrane (Slepecky, 1996). It is attached to 

the modiolar side of the scala media at the vestibular lip (Gartner & Hiatt, 2000). The 

tallest stereocilia of the OHCs are embedded in the tectorial membrane, while the 

IHC stereocilia are not (Slepecky, 1996). These relationships are illustrated in the 

histological section that follows in Figure 2-3b. 
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Figure 2-3 OHCs and the organ of Corti. (a) Brightfield DIC image of isolated OHC 

from guinea pig with cartoon schematic, from (Organ, 2008). (b) Cochlear histology 

section, from (Gartner & Hiatt, 2000). Basilar Membrane (BM), Outer Hair Cell (OH), 

Inner Hair Cell (IH), and Tectorial Membrane (TM). 
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Spiraling around the cochlea, the organ of Corti has approximately 12,000 

OHCs arranged in three rows, and 3,500 IHCs arranged in one row (Guyton & Hall, 

2000). In simplest terms, the study of cochlear mechanics thus involves the 

displacement of the BM and organ of Corti in response to incoming fluid waves and 

the resulting movement of the reticular lamina in relation to the tectorial membrane 

mass. As mentioned, the OHCs' stereocilia are in direct contact with, and therefore 

are deflected by, the tectorial membrane. Because the IHCs lack this contact, it has 

been suggested that the movement of fluid in the subtectorial space is responsible 

for displacement of the IHCs hair bundle (Geisler, 1998). IHCs receive 90-95% of 

the innervation from the auditory nerve, and this infers that they act as the direct 

transducers of acoustic signals into neural spike trains (Slepecky, 1996). The 

question that follows naturally is what, exactly, is the role of the OHC? 

2.1.4 Frequency Response of the Cochlear Partition 

When considering how the cochlea processes sound, it is necessary to 

consider frequency in addition to the intensity and temporal attributes of acoustic 

signals. In effect, the cochlea performs a kind of spectral analysis, akin to a Fourier 

decomposition, where high frequency stimuli elicit a response near the base, and 

low frequency stimuli excite the apex (Robles & Ruggero, 2001). Helmholtz was the 

first to postulate that this must be the case, with various frequencies distributed 

down the length of the cochlea (Patuzzi, 1996). Von Bekesy was the first to provide 

experimental evidence of this claim, in experiments performed during the 1940's on 

human cadavers where he measured basilar membrane displacements for various 
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stimuli (Geisler, 1998). His results revealed the existence of a traveling wave on the 

BM, where displacement peaks continued to travel down the cochlear duct before 

reaching a maximum and then attenuating. An example of his recordings can be seen 

in Figure 2-4a for a tone of 200Hz; the dotted line represents a snapshot recorded 

one quarter of a period after the initial capture. 

Despite the beauty inherent in confirming Helmholtz's prediction, the broad 

vibration pattern that von Bekesy observed was not consistent with the level of 

frequency discrimination evident in psychoacoustic experiments and auditory nerve 

recordings (Patuzzi, 1996). Thus, the nature of the "second filter" which was 

responsible for this discrimination came into sharp focus. The usage of the 

Mossbauer technique and more accurate laser interferometry experiments on live 

cochlea in the early 1980's confirmed that the same level of frequency 

discrimination seen in neural recordings also existed in the vibration of the basilar 

membrane (Patuzzi, 1996). An excellent example of the correlation between BM 

mechanics and neural recordings is seen in Figure 2-4b, which illustrates BM and 

neural recordings from the same animal (chinchilla) (Narayan etal, 1998). 
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Experiments such as this one necessitate the existence of a "cochlear 

amplifier" (Davis, 1983) - a mechanism within the cochlea that is able to enhance 

the passive mechanics of the BM seen by von Bekesy to allow for such mechanical 

tuning in the live cochlea. Prior to the 1980's, it was already evident that outer hair 

cells were necessary for normal cochlear sensitivity (Patuzzi, 1996). The 

observation of somatic motility in the OHC in response to an externally applied 

current by Brownell and co-workers gave probable identity to the OHC as the 

cellular basis of this amplification process (Brownell et al, 1985, Kachar et al, 

1986). While the relative contributions of active stereocilia bundle movement and 

OHC somatic motility to cochlear amplification are still under study (Spector et al, 

2006), it has been shown that OHC motility is required for the amplification process 

in the cochlea (Cheatham etal, 2004, Liberman etal, 2002). 

2.2 Outer Hair Cells 

2.2.1 Outer Hair Cell Electromotility 

The observed cellular length change in response to changes in 

transmembrane potential of the OHC has been termed electromotility. 

Electromotility can be invoked in vitro by mechanical displacement of the stereocilia 

(Evans & Dallos, 1993). Deflection of the hair bundle alters the conductivity of 

mechanosensitive channels at the tips of the stereocilia (Kros, 1996), modulating an 

inward current composed predominantly of potassium owing to the relatively high 

potassium concentration (157 mM) and low sodium concentration (1 mM) in the 

scala media of the cochlea (Wangemann & Schacht, 1996). Changes in the apical 
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transduction current thus alter the resting potential of the cell. Electromotility is 

independent of metabolic energy in the form of ATP (Kachar et al., 1986, Holley & 

Ashmore, 1988, Ashmore, 1987), calcium (Ashmore, 1987], and persists despite 

disruption of actin and tubulin (Holley & Ashmore, 1988), setting it apart from other 

known mechanisms of cell motility. In addition, the motile response is independent 

of both current composition and direction, depending solely on transmembrane 

potential (Santos-Sacchi & Dilger, 1988). The deformation of the cell is 

predominantly axial; the OHC increases length in response to hyperpolarization, and 

decreases length upon depolarization of the cell membrane (Ashmore, 1987). 

Electromotility is capable of operating at frequencies at least to 80 kHz (Frank et al, 

1999), thus possessing the bandwidth necessary to operate in a cycle-to-cycle 

manner with high-frequency stimuli seen in the cochlea. The axial stiffness of the 

OHC is also voltage dependent, decreasing with depolarization and increasing with 

hyperpolarization of the lateral membrane (He & Dallos, 1999). 

Electromechanical transduction has been localized to the lateral wall of the 

OHC (Dallos etal, 1991, Holley & Ashmore, 1988), and several studies conclude the 

motile mechanism lies in the basolateral plasma membrane (Hallworth et al, 1993, 

Huang & Santos-Sacchi, 1994, Kalinec et al, 1992). The two current models of the 

force transduction process both posit that forces originating in the PM subsequent 

to variations in transmembrane voltage are responsible for electromotility, giving 

rise to the concept of a "membrane motor". The original "area expansion model" 

assumes that in-plane area changes in the PM drive OHC length changes (Kalinec et 

al., 1992, Dallos et al, 1993, Iwasa, 1994). A more recent theory postulates that 
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fluctuations in membrane curvature under the influence of transmembrane 

potential changes drive electromotility; this is known as the "bending model" 

(Raphael et ah, 2000). Proposed mechanisms and models of OHC electromotility 

have been recently reviewed (Ashmore, 2008, He et ah, 2006, Spector et al., 2006). 

Schemata depicting the difference between the area expansion and bending models 

are illustrated in Figure 2-5. 
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area motor membrane bending 

Figure 2-5 Comparison of area expansion (left column) and membrane bending 

(right column) models of electromotility. The top row represents the depolarized 

state with cell shortening; the bottom row depicts the hyperpolarized state with cell 

elongation. In the area expansion model, individual motor units in the PM change 

area via conformational change. In the bending model, changes in membrane 

curvature sum across individual motor units spanning between PM connections to 

the cytoskeleton to generate length changes. Panel and left column from (Organ, 

2008); right column adapted from (Brownell et al., 2001), modified from (Oghalai et 

al, 2000). 
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An electrical signature of electromotility is a large nonlinear capacitance 

(NLC) attributed to transmembrane displacement of charge associated with the 

membrane motor (Ashmore, 1989, Santos-Sacchi, 1991, Huang & Santos-Sacchi, 

1994, Gale & Ashmore, 1997). The transmembrane protein prestin, a member of the 

SLC26 family of anion transporter-related proteins (Zheng et al, 2000, Dallos & 

Fakler, 2002), is the putative motor protein for this membrane-based 

electromechanical transduction process. The initial knock-out model confirmed the 

necessity of prestin for OHC electromotility (Liberman et al., 2002) but left some 

room for interpretation regarding prestin's role in cochlear amplification due to 

morphologic abnormalities in the prestin-null OHCs (Cheatham et al., 2004, 

Liberman et al., 2002). Recently, prestin knock-in models have established that 

prestin is essential to cochlear amplification (Dallos et al, 2008) independent of 

stereocilia-based amplification mechanisms (Gao et al, 2007). One important 

unresolved question in the field is how voltage-driven conformational changes in 

prestin would result in whole-cell deformations. Answering this motivates a 

thorough assessment of both the architecture and mechanics of subcellular features 

within the OHC lateral wall. 

2.2.2 Slow Motility 

In the cochlea, OHC behavior is modulated by efferent input from the medial 

olivocochlear bundle via the neurotransmitter acetylcholine (ACh) (Puel, 1995). 

When exposed to ACh in vitro, after a period of several seconds, the amplitude of 

electromotility increases (Dallos et al, 1997, Frolenkov et al, 2000) and the axial 



28 

stiffness of the cell decreases (Dallos et al., 1997). This phenomenon is dependent 

on Ca2+ in the cell media and also may be accompanied by release of internal 

membrane-bound Ca2+ (Dallos et al., 1997). Increase in intracellular Ca2+ through 

the use of ionomycin results in cell elongation over a period of seconds to minutes 

(Puschner & Schacht, 1997, Frolenkov et al., 2000, Frolenkov et al, 2003); because 

this effect is seen over a time course that is several orders of magnitude slower than 

electromotility, it is known as "Ca2+-dependent slow motility," or simply "slow 

motility". The application of ionomycin also results in an increase in electromotility 

response that is dependent on calmodulin (Szonyi et al, 2001), along with a 

decrease in axial stiffness (Frolenkov et al., 2003), synonymous with the observed 

effects of ACh (Dallos et al., 1997). It has been hypothesized that the increase in 

electromotility amplitude results from the motor working against the decreased 

axial stiffness (Dallos et al., 1997), perhaps as a result of Ca2+-mediated modification 

of the cortical cytoskeleton (Dallos et al., 1997). Likewise, the slow, Ca2+-dependent 

elongation of the OHC is currently thought to result from the passive reaction of the 

cell's turgor pressure to this gradually decreasing axial stiffness (Frolenkov et al., 

2000, Frolenkov et al., 2003), rather than an active process. Interestingly, a form of 

Ca2+-dependent slow motility has been observed in amphibian hair cells 

(Farahbakhsh & Narins, 2008), which lack electromotility; however, the observation 

appears fundamentally different to the phenomenon observed in OHCs, as it 

involves iso-volumetric contraction, rather than elongation of the cell. In OHCs, 

while it has been hypothesized that the subsurface cisternae network of the lateral 
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wall could serve as the intracellular store of this calcium (Dallos et al., 1997, 

Frolenkov et al., 2000), this has not been directly observed yet (Frolenkov, 2006). 

2.2.3 Outer Hair Cell Structure and Current Model of the Lateral Wall 

OHCs are cylindrically shaped, with the lateral wall extending from just 

below the cuticular plate at the apex of the cell down to the basally located nucleus. 

In guinea pig, the historical standard animal model for OHC physiology, the cells are 

typically ~10 microns in diameter with lengths ranging 20-100 microns 

corresponding to their location in the cochlea, with shorter cells at the high-

frequency base of the spiral, and the longest OHCs at the low-frequency apex. The 

lateral wall can be viewed as a trilaminate composite (Brownell et al., 2001), 

consisting of the plasma membrane (PM), an underlying cytoskeletal network, and 

an adjacent system of circumferential lamellar organelles known as the subsurface 

cisternae (SSC). In freeze-fracture, ~10 nm intramembranous particles are seen in 

the PM that are generally ascribed to the membrane motor and thus prestin (Kalinec 

1992; Forge 1991; Santos-Sacchi 1998). The cytoskeletal network lying in the 

extracisternal space (ECS) of ~30 nm between the PM and SSC is often referred to as 

the cortical lattice (CL). It consists of circumferentially oriented, locally parallel 

filaments of actin connected by axially oriented cross-links, which are most likely 

spectrin polymers [Forge 191; Holley 1988; Holley 1990; Holley 1992). In 

conventionally fixed specimens, the actin filaments are organized into discrete 

domains containing multiple parallel filaments (Holley & Ashmore, 1990, Holley et 

al, 1992), but this has not been confirmed in rapid frozen specimens or live cell 
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studies. The circumferential actin filaments are spaced approximately 50 nm apart 

(Wada 2004; Holley 1990; Forge 1991), with the spectrin cross-links more irregular 

in orientation with an average spacing of 25 nm (Wada 2004). This arrangement 

results in greater stiffness around the circumference of the OHC compared to its axis 

(Tolomeo et al, 1996); the resulting anisotropy in lattice stiffness would thus direct 

the energy from an isotropic plasma membrane motor down the axis of the cell. 

Density spanning the ECS between the PM and actin filaments has been called the 

pillar due to its morphology. Estimates on pillar width range from 6-10 nm (Flock 

1986, Forge 1991, Holley 1992), with en-face measurements of "spots" 

corresponding to the pillar in cross-section showing a spacing of ~30 nm oriented 

along the underlying actin filaments (Forge 1991). In a membrane motor-based 

model of electromotility, the pillar is presumed to provide the necessary coupling of 

membrane forces to the underlying cytoskeleton to generate whole-cell shape 

changes. Figure 2-6 depicts the currently accepted model of the lateral wall. 
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Figure 2-6 Schematic of OHC lateral wall, illustrating position of the PM, pillar 

proteins connected to the actin and spectrin network of the cortical lattice (CL), and 

underlying SSC, from (Brownell & Popel, 1998). Together, the PM/CL/SSC layers can 

be viewed as a trilaminate composite. 
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The SSC closely abuts the cortical lattice, and the number of SSC layers varies 

according to species, position of the OHC along the cochlea, and longitude along the 

lateral wall of an individual OHC (Lutz & Schweitzer, 1995, Slepecky, 1996, Furness 

& Hackney, 1990). The canalicular reticulum, a network of membranous tubules, 

enmeshes the cuticular plate at the apex of the cell and extends to the apical limit of 

the SSC (Spicer et al, 1998), where it makes contact with the innermost layer of SSC 

(Spicer et al., 1998). The overall morphology of the SSC has been a subject of 

dispute, with studies relying upon conventionally fixed specimens yielding a 

fenestrated appearance, while a few using iso-osmotic fixation or rapid freezing 

protocols have reported a more continuous, non-fenestrated morphology (Dieler et 

al, 1991, Slepecky & Ligotti, 1992). This confusion may also result due to variation 

among animal models used in various studies [He et al., 2006, Kakehata et al, 2000, 

Forge, 1991, Saito, 1983), with guinea pig yielding a more continuous appearance 

while mouse and gerbil show a higher degree of fenestration (Forge, 1991). The 

number of SSC layers also appears to be a function of both longitudinal (Furness & 

Hackney, 1990, Lutz & Schweitzer, 1995) and radial (Lutz & Schweitzer, 1995) 

position within the cochlea. The SSC occupies similar volume when compared to the 

PM/CL complex; a previous study gives an average cisternal width of 27 nm (Dieler 

et al., 1991), comparable to the span of the ECS. While the SSC is a prominent 

substructure in the lateral wall, its role in relation to OHC function remains obscure. 

With regards to physiologic studies, accumulation of the dye FM1-43 in the SSC 

suggests it is a target of endocytic transport (Kaneko et al, 2006), while studies 

localizing Ca-ATPase (Schulte, 1993) and ryanodine receptor (Grant et al, 2006) to 
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the lateral wall imply a role in calcium regulation. With respect to electromotility, 

however, no study to date has confirmed involvement of the SSC in OHC motility, 

nor shown direct interaction of the SSC with the PM/CL components underlying the 

motile mechanism. Mitochondria are most prevalent along the outer perimeter of 

the cell, adjacent to the innermost layer of SSC (Slepecky, 1996, Saito, 1983, Spicer 

et al., 1998, Dieler et al., 1991), suggesting energetic demand in the operation and 

maintenance of the lateral wall. 
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Figure 2-7 At left, cartoon of membranous organelle distribution in the OHC, with 

CR in red at the top of the cell, SSC in yellow along the lateral PM, and mitochondria 

in blue (Spicer et al., 1998), At right, a montaged TEM image of a mouse OHC for 

comparison. 
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2.2 A Motivation for Electron Tomography of the Lateral Wall 

Given the above, several questions arise concerning the known structure of 

the OHC. Relatively little is known about the pillar proteins, yet they must play a role 

in the coupling of membrane-based force to the rest of the cell, as they are the only 

connection between the PM and cytoskeleton (He et al., 2006, Spector et al., 2006). 

Further, given that the pillars are the only observed structure spanning the ECS, 

they provide the only potential mechanism for anchoring membrane particles to the 

cytoskeleton. Related questions include whether they are of uniform shape and 

orientation, how they interface with the underlying actin/spectrin network, and 

whether they are associated with the motor-associated particles in the PM. Also, 

direct connection of the actin filaments to the underlying SSC has not been 

observed; this is critical to our mechanistic understanding of electromotility, as each 

SSC lamellae is 25-30 nm thick, roughly the same dimensions as the ECS. If directly 

coupled to the cortical lattice, its mechanical contribution would have to be taken 

into account. All of these features - pillar morphology, cytoskeletal connections to 

the SSC, and general mechanical properties of the SSC - affect the output of 

composite mechanical models of the OHC lateral wall (Spector et al, 2001, Spector 

et al, 1998, Raphael et al., 2000). Finally, the continuity or amount of fenestration 

truly present in the SSC has direct implications for electrical models of the OHC, 

equally important to our understanding of electromotility. 

To date, the characterization of the entire OHC lateral wall by electron 

microscopy techniques has been limited by sample preservation and the 
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conventional 2D projection imaging of a 3D structure, resulting in superposition of 

molecules along the electron path. A full understanding of electromotility requires 

an accurate 3D depiction of the arrangement of the molecular machines present 

within the OHC lateral wall. This is essential for understanding how the 

micromechanical architecture gives rise to the passive mechanics of the OHC, and 

we may also be able to assess whether force transmission by prestin is likely to be 

sufficient to deform the OHC lateral wall. All of these questions are three-

dimensional in nature and depend on observation in intact, well-preserved cells; 

electron tomography is the only technique currently available that can address 

these topics. 

2.3 Principles and Capabilities of Electron Tomography 

2.3.1 Overview of Electron Tomography as a Technique 

In biological applications, traditional transmission electron microscopy 

(TEM) utilizes chemically fixed and stained tissue samples that are embedded in 

epoxy prior to sectioning. Typical section thicknesses range from tens to a few 

hundred nanometers, depending on the task and power of the electron beam. To 

ensure dependable section thickness, a diamond knife mounted on an 

ultramicrotome is used. 

The technique of TEM relies on differences in the Coulomb potential of 

atomic structures in the sample; in brief, electrons passing close to specimen atoms 

are more likely to be scattered than those that do not (Hawkes, 1992). The mean 

free path, defined as the average distance traveled before an electron has been 
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scattered by the sample, sets the practical limit on section thickness and is 

dependent on beam power (Koster et al, 1997). Electrons that manage to traverse 

the entire specimen are intercepted by a phosphor screen, film, or CCD camera. The 

image that results is thus a 2D projection of the 3D slice placed in the path of the 

electron beam, and information in the z-direction is lost. For a 200 keV microscope, 

the practical thickness limit is often around 200 nm. 

Electron tomography takes advantage of the fact that multiple 2D projections 

can be reconstructed into a 3D representation of the sample, recovering the depth 

information lost in an individual projection. In the simplest case, a "tilt-series" is 

produced by tilting the sample about an axis normal to the beam path to collect 

successive projections. Other approaches depend on conical tilting, where the 

specimen is either tilted on the second axis orthogonal to the beam or rotated in the 

plane of the specimen after being tilted along one axis (Frank, 1992). An example of 

the 2D projections generated by a tilt-series of a macromolecular complex is shown 

in Figure 2-8. The reconstruction of 3D structure from a tilt-series is performed 

using either Fourier space methods or weighted back-projection (Zeitler, 1992, 

Radermacher, 1992, Koster et al., 1997). 

Ideally, one would rotate the sample through a full 180°, or +/- 90° with 

respect to the original plane orthogonal to the beam. In practice, the tilt range is 

limited by physical constraints of the specimen holder and sample, as well as the 

increasing path length presented to the beam by the tilted sample (Koster et al., 

1997). As an example, excluding the grid or support that the sample rests on, tilting 

the sample on edge at 90° would result in a path length equivalent to the diameter 
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of the section, many times larger than the mean free path of the beam. Typical tilt 

ranges are +/- 60-70° at an increment of 1 or 2° (Lenzi et al, 1999, Perkins et al, 

1997a, Frey et al, 2002, Perkins et al, 2001, Perkins et al, 1997b, Hsieh et al, 2002, 

Ladinsky et al, 1994, Martone et al, 1993, Soto et al, 1994). The result is a series 

encompassing 120-140° around the sample; the 40-60° of higher-angle projections 

that are not sampled is known as the "missing wedge". To compensate for the 

information loss due to this missing wedge of data, it is now common to rotate the 

sample 90° in the section plane and take a second axis of data, creating a dual-axis 

tilt-series [Frank, 1992). This second axis effectively reduces the missing wedge to a 

"missing pyramid", significantly enhancing the resolution of the resulting 

tomographic reconstruction. 
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Figure 2-8 Example of 2D projections obtained from a 3D reconstruction of a 

protein complex by rotation about the vertical axis (Koster et al., 1997). When 

angular orientation is known, as is the case with an aligned tilt-series, 2D 

projections such as these can be recombined by weighted back-projection to 

generate a 3D volume. 
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2.3.2 Resolution in Electron Tomography 

In contrast to other imaging modalities, a formal definition of resolution does 

not exist for electron tomography. The resolution attainable in electron tomograms 

is dependent on the resolution of the raw TEM projection data, the region of space 

sampled during the tilt-series, and assumptions inherent in the alignment and 

reconstruction algorithms. The resolution is inherently anisotropic due to the 

missing wedge along with the increasing thickness of the sample contributing to a 

projection as the specimen is tilted at progressively higher angles. Thus, most 

practitioners rely upon empirical assessment of final tomograms when estimating 

resolution in their reconstructions. 

A simple estimate of the limit of resolution based on an assumed full 180° 

series is known as the Crowther relation (Frank, 1992, Koster et al., 1997, Crowther 

et al, 1970), and is given by 

d = DAa, 

where d is the resolution, D is the object diameter (specimen thickness), and Aor is 

the tilt increment in radians. For a 100 nm thick sample tilted at an increment of 1°, 

the Crowther relation yields an estimate of 1.75 nm. A more conservative, worst-

case estimate that attempts to take into account limitations imposed by tilt-range is 

attributed to Frank and Radermacher (Soto et al., 1994, Radermacher, 1988) and is 

given by 

d = { )*exz, 
cos y 
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where y is the maximum tilt angle and e*z is a parameter dependent on the tilt range; 

for a range of +/- 60°, e^ = 1.55 (Soto et al., 1994, Radermacher, 1988). Using the 

above equation, for a 100 nm sample tilted +/- 60° with a tilt increment of 1°, the 

limiting resolution would be 5.41 nm. Experiment shows the truth to lie somewhere 

in the middle - in practice, it is possible to resolve features in the range of 2-10 nm 

(Koster & Klumperman, 2003, Koster et al., 1997, Frank etal, 2002). 

2.3.3 Usage of Electron Tomography in Mapping Cellular Architecture 

Electron tomography has been used to study cytoskeletal and junctional 

macromolecular complexes, including microtubule distribution (Srayko etal, 2006, 

Hoog et al, 2007, OToole et al, 2003), microtubule structures (Nicastro et al, 2006, 

Sui & Downing, 2006), actomyosin complexes (Liu et al, 2004, Liu et al, 2006), 

desmosome substructure (Al-Amoudi et al, 2004, He et al, 2003, Al-Amoudi et al, 

2007), and hair cell tip-links (Auer et al, 2008). Electron tomography has also 

proven useful in defining the 3D membranous structure of several organelles and 

cellular processes, including mitochondria (Perkins et al., 2001, Frey et al., 2002, 

Perkins et al., 1997a, Perkins et al, 1998, Mannella et al, 1997, Frey & Mannella, 

2000, Mannella et al, 1994, Mannella et al, 1998, Hsieh et al., 2002), the golgi 

network (Ladinsky et al., 1994, Soto et al., 1994), spiny dendrites (Soto et al., 1994, 

Wilson et al, 1992), smooth endoplasmic reticulum (Martone et al., 1993), and 

synaptic vesicle distributions in bullfrog saccular hair cells (Lenzi et al, 2002, Lenzi 

et al., 1999). To illustrate the capabilities of electron tomography for imaging the 

OHC lateral wall, two examples from the literature were chosen that show results 
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from internal membrane compartments and cytoskeletal components. Figure 2-9a 

shows membrane models of mitochondrial cristae (yellow) and inner and outer 

membrane (light and dark blue], analogous to the requirements of the SSC. Figure 

2-9b depicts isosurface renderings of a tomogram of insect flight muscle, with 

atomic models of actin [green] and myosin heads (red] docked within the structure, 

which are similar in scale to the cortical lattice components of the OHC lateral wall. 
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Figure 2-9 Examples of tomographic reconstructions obtained for (a) 

mitochondrial membranes from (Frey & Mannella, 2000) and (b) insect flight 

muscle from (Liu et alv 2004). In (a), individual cristae are rendered in yellow, with 

light blue inner membrane and dark blue outer membrane. In (b), atomic model of 

actin is rendered in green, with myosin heads rendered in red. A light gray 

isosurface shows the outer boundary of the actual averaged volume map. 
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Chapter 3: Materials and Methods 

3.1 Dissection of Cochlear Tissue and OHCs 

Adult mice (C57b strain, source: misc.) and Hartley albino guinea pigs 

(Charles River, Wilmington, MA) ranging in weight from ~200-250 g were used as 

the source of cochleae. Animals were first anesthetized using either CO2 or 

isofluorane prior to decapitation. The temporal bones were removed, and the bullae 

were chipped open to expose the otic capsule. For dissection buffer, either 

extracellular solution (EC) or Medium 199 (Invitrogen Corp., CA) was used. EC is a 

commonly used buffer for OHC physiology experiments and is intended to mimic 

perilymph; it is made from 140 mM NaCl, 5 mM KC1,10 mM HEPES, 10 mM glucose, 

2 mM CaCl2, 1 mM MgCh, titrated to pH 7.3 with osmolarity adjusted to 295-305 

mOsm using glucose. Medium 199 contained Hanks' salts with HEPES buffer, and is 

intended for room atmosphere cell culture. This provided a similar salt milieu to EC 

along with the addition of several amino acids and trace components intended to 

encourage cell health in culture. For experiments involving fixation of mouse tissue, 

the dissection buffer was EC; for fresh-frozen HPF mouse tissue and all guinea pig 

experiments, the buffer was Medium 199. In guinea pig, a stereoscope was required 

after removing the bullae; in mouse, the minute size of the temporal bone required a 

stereoscope once the skull had been opened. 

Experiments involving aldehyde fixation were performed on intact cochleae 

(see section 3.2.2). For experiments involving dissected tissue, following removal of 
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the bullae, the otic capsule was gently removed using the point of a fine needle, 

removing as much as possible without compromising the structural integrity of the 

cochlear spiral. This was more difficult in mouse, where the orientation of the 

cochlea within the temporal bone makes it difficult to etch away whole "turns" of 

the otic capsule. For mouse, large portions of intact turns of organ of Corti were then 

removed using the point and cutting edge of a fine needle. In guinea pig, for the 

HPF/FS approach described in Chapter 5, a 200 uL pipette was sufficient to remove 

long, intact strips of organ of Corti that predominantly contained OHCs. The pipette 

was typically set to 80 ul aliquots which allowed multiple passes around the 

cochlea to contribute to the same 35 mm MatTek dish (MatTek Corp, MA), which 

maximized the concentration of OHC strips within a single dish well [the well of the 

MatTek dish typically held ~300 JXL of fluid before overflowing into the rest of the 

dish). Consolidation of the tissue to the well of the MatTek dish made further 

manipulation under the magnification conditions of the stereoscope easier. 

Animal experiments and protocols were approved by the Institutional 

Animal Care and Use Committee (IACUC) at both Rice University and LBNL. 

3.2 Sample Preparation 

3.2.1 Overview of Resin Embedding 

While vitreous cryo-sectioning of frozen material and subsequent cryo-EM 

imaging of biological samples has become more prevalent in recent years, the 

majority of TEM of biological specimens is still conducted at room temperature on 

resin-embedded samples. This is due both to increased demands of low-dose 
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imaging, along with novel practical hurdles involved in nearly every step of sample 

preparation including sample orientation prior to microtomy, and the process of 

vitreous cryo-sectioning itself. Samples are embedded in resin because it allows the 

scientist to section material thin enough to be useful for TEM (20-500 nm). To 

produce a resin-embedded sample, the cellular components must be fixed in place, 

often stained en-bloc, dehydrated in ethanol or acetone, infiltrated with the desired 

epoxy or acrylic, and subsequently polymerized. The necessary fixation can be 

accomplished by either exposure to aldehyde cross-linkers in an aqueous medium 

(e.g. paraformaldehyde, glutaraldehyde) or by cryofixation/cryoimmobilization via 

a fast-freezing method (e.g. high-pressure freezing), requiring freeze-substitution 

prior to resin infiltration. Subsequent replacement of water with ethanol or acetone 

is necessary because the resins are not miscible with water as a solvent. Protocols 

that do not include rapid freezing typically include an osmification and/or uranyl 

acetate (UA) step prior to dehydration. These approaches are covered below. In this 

thesis, preparations that involve aldehyde fixation and standard (non-PLT) 

dehydration protocols are referred to as "conventional preparation" protocols. 

3.2.2 Aldehyde Fixation and Dehydration 

For experiments involving aldehyde fixation in mouse or guinea pig, after the 

bullae were removed, the otic capsule at the apex of the cochlea just above the 

helicotrema was gently removed with a fine needle. Also, the oval and round 

windows were perforated/removed to allow diffusion of the fixative solution from 

base to apex. The dissection buffer was then replaced with the aldehyde fixative 
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solution of choice; this most often consisted of the original dissection buffer along 

with the addition of the desired fixatives. For the guinea pig conventional 

preparation results in Chapter 4, pre-buffered fixative was used from Tousimis 

(Rockville, MD), specifically 2.5% glutaraldehyde in phosphate buffer. 

3.2.3 Decalcification, Osmification, and En-Bloc Uranyl Acetate 

For decalcification of mouse cochleae, 0.2M EDTA in the fixative buffer 

(without fixatives] was used on a rotator for 5-7 days, exchanging the EDTA solution 

every few days. For guinea pig cochleae, 0.1M EDTA in phosphate-buffered saline 

(PBS) was used with the aid of a Pelco laboratory microwave (Ted Pella, Inc., 

Redding, CA) to reduce the decalcification time from ~30 to ~2 days. 

Secondary fixation in osmium tetroxide was applied following primary 

fixation in aldehyde. In addition to fixing the lipid component of cell membranes, 

osmium provides contrast as a heavy metal. Potassium ferricyanide (K3[Fe(CN)6]) 

was added because it helps increase membrane contrast. Samples were first washed 

several times with the correct buffer without osmium, and then placed on ice in 

either 1% 0s04 / 1.5% K3[Fe(CN)6 or 0.5% 0s04 / 0.8% K3[Fe(CN)6 (all w/v), made 

in 0.1 M sodium cacodylate or 0.1 M phosphate buffer for up to 1 hour or until a 

dark brown staining was observed. 

Following osmification, the samples were rinsed several times in double-

distilled water (ddthO) prior to staining in aqueous uranyl acetate (UA). This is 

important particularly with phosphate buffers to prevent stain precipitation with 
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phosphate. Samples were stained on ice for 1-2 hours in 2% UA (w/v) in ddHzO or 

and/or placed at 4° C overnight. 

3.2.4 Dehydration 

Standard dehydration was performed at room temperature in a graded series 

of either ethanol (EtOH) or acetone in ddH20, e.g. 30%, 50%, ...100% (v/v). Acetone 

is more easily miscible with epoxy resin, which makes it preferable to use during 

resin infiltration. 

3.2.5 Progressive Lowering of Temperature (PLTJ Dehydration 

For PLT experiments, a Leica AFS automated freeze substitution unit (Leica 

Microsystems, Vienna, Austria) was used to control temperature during PLT 

dehydration. The dehydration series was done in EtOH and began with 30% (v/v in 

ddH20) EtOH on ice, followed by 50%, 70%, 90%, and several exchanges of 100% 

EtOH, for 15-30 minutes at each concentration. The temperature was gradually 

lowered to -35° C throughout the series, with care taken to remain above the 

freezing point of the mixture at each concentration. The samples were then allowed 

to warm to room temperature prior to epoxy infiltration and embedding. 

3.2.6 High-Pressure Freezing 

A Bal-Tec HPM 010 high-pressure freezer (BAL-TEC, Inc., Carlsbad, CA) was 

used for all HPF experiments reported here. For HPF of mouse organ of Corti, 

individual turns were dissected from cochleae either in dissection buffer or after 

pre-fixation in aldehyde, and placed in the specimen carrier. The remaining space 
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was then filled with either 10% glycerol (v/v), or 20% bovine serum albumin (BSA, 

(w/v)) mixed in the same dissection or fixative buffer. All guinea pig HPF samples 

were prepared following the cellulose dialysis tubing aspiration method outlined in 

Chapter 5. For mouse, 200 \im specimen carriers were used to avoid compression of 

dissected organ of Corti; for guinea pig, 200 urn was almost exclusively used to 

minimize compression of the cellulose dialysis tubing. Once the samples were 

placed and filler material was applied, the flat side of a 300 |xm carrier was used to 

seal the specimen carrier, and the specimen was immediately frozen. Trials with 

150 (im specimen carriers resulted in frequent expulsion of the sample outside of 

the tubing, but typically the sample was retained within the filler material during 

processing, allowing subsequent analysis of the sample. Trials of the dialysis tubing 

using 100 u.m specimen carriers were not successful. 

3.2.7 Freeze Substitution 

A solution of 1% OsCU (w/v) and 0.1% UA (w/v) was prepared in acetone 

and 1.5 mL aliquots were distributed to 2 mL cryovials which were frozen in liquid 

nitrogen (LN2) prior to use. For some samples, the media was thawed, 1-2% H2O 

(v/v) was added, and the media was refrozen in LN2 for membrane contrast 

experiments. Following HPF, samples were transferred into the cryovials under LN2, 

and placed on top of the frozen FS media. The vials were then transferred to a Leica 

AFS holding a temperature of -90° C. The acetone melts at this temperature, 

allowing the sample to sink into the now-liquid FS media and begin the substitution 

process. The following protocol was used: hold at -90° C for at least 6-8 hours; a 5° C 
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/ hour ramp up to -25° C; hold -25° C for 12 hours; a 5° C / hour ramp up to 0° C 

[McDonald, 2007). The initial holding time at -90° C was adjusted so that the entire 

process would end at a convenient time for resin infiltration and embedding. 

Extension of time spent at -90° C had no discernable effect on the end product. The 

current opinion in the field is that the dominant process occurring at this 

temperature is the substitution of acetone for water, with fixation and staining 

largely occurring during the warm-up to -25° C (Buser & Walther, 2008). 

3.2.8 Resin Embedding and Mounting 

Three different resins were used - Epon, an Epon-Araldite mixture, and 

Durcupan ACM (Electron Microscopy Sciences, Hatfield, PA). Epon-Araldite is less 

brittle than straight Epon and has desirable sectioning properties, but has higher 

viscosity than straight Epon, which requires longer infiltration times. Durcupan 

ACM is an Araldite-based resin mixture with similar viscosity to Epon-Araldite; for 

most experiments, Epon-Araldite was used. 

Following dehydration or freeze-substitution, a graded series of resin and 

solvent (e.g. 1:2 resimacetone, 1:1 resin:acetone, 2:1 resin:acetone) was used for 

resin infiltration. For FS samples, the FS media was first washed away with several 

rinses in acetone for 10 minutes each. Samples were allowed to incubate at each 

concentration for several hours on a rocker. For Epon-Araldite, if accelerator was 

not added during infiltration, the sample was placed on a rotator in 100% resin 

overnight, which was then exchanged for resin + accelerator the following morning 

for several hours prior to embedding. Samples infiltrated in Epon-Araldite plus 
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accelerator, or Durcupan ACM, which includes the accelerator, were placed in 95% 

resin / 5% acetone overnight on a rotator to prevent premature curing, with an 

exchange of full resin the following morning for several hours before embedding. 

For embedding, samples were most commonly placed in a thin layer of epoxy 

between two glass slides. The slides were coated in a Teflon solution (Miller-

Stephenson Chemical Company, Inc., Sylmar, CA) to allow easy separation from the 

resin following polymerization. Spacers consisting of 2-3 layers of parafilm were 

applied to opposite ends of the slides to prevent crushing the sample; 2 layers was 

enough to allow 300-400 urn of space between the slides, easily accommodating 

HPF/FS samples frozen in 200 urn specimen carriers. This approach was preferred 

because it allowed for easy visualization and orientation of the sample for 

sectioning. For some whole decalcified cochlea, the entire cochlea was embedded in 

a flat mold. Once embedded, epoxy was cured in a 60° C oven for 48 hours prior to 

mounting for sectioning. 

After polymerization, the samples were allowed to cool to room temperature, 

and one slide was carefully removed using the edge of a razor blade. Samples were 

then documented with a stereoscope, the desired orientation was selected, and the 

sample was removed and trimmed using a combination of fine razor and/or scalpel 

blades depending on the thickness of the resin layer. The sticky side of a post-it note 

was used to secure small pieces of sample during trimming. For embedded whole 

cochleae, the sample was scored using a razor blade under the stereoscope, and a 

low-kerf diamond saw was used to trim out the desired material, which allowed for 

a precision cut through the thicker resin. Once the desired portion of sample had 
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been selected, it was mounted to a blank block of resin using Epoxy 907 (Miller-

Stephenson), cured for 30-60 minutes at 60° C. This epoxy was preferred because it 

has similar sectioning properties to the resin of the sample. 

3.2.9 Microtomy 

An ultramicrotome, most often a Reichert-Jung Ultra-cut E or Leica EM UC6, 

was used to cut sections ranging from 70 - 500 nm. 500 nm sections were 

exclusively used for screening by light microscopy - they were collected on glass 

slides, stained in a toluidine blue solution on a hot plate for 30-60 seconds, the 

excess stain was washed off with ddFhO, and they were immediately imaged on an 

upright compound microscope adjacent to the microtome before proceeding with 

sectioning. 

Typically, 70 or 100 nm sections were obtained for evaluation by 2D 

projection TEM, while 150 nm sections were collected for tomography. 2x1 mm slot 

grids were coated with formvar as a support film prior to sectioning, and were used 

to collect sections from the microtome. While more difficult to use, the slot grids 

were preferred due to their absence of grid bars. Because the OHC samples were 

often sparse, with 2-3 cells in a given section, grid bars that are present on standard 

grids would often obscure the sample. Also, slot grids make tilt-series collection for 

tomography easier - on a standard TEM grid, a nearby grid bar often comes into the 

image during the tilt series, which can render the dataset useless. 
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3.2.10 Section Staining 

Following microtomy, sections were post-stained to increase specimen 

contrast prior to imaging. This was especially necessary for HPF/FS samples, which 

in general have lower contrast features than conventionally prepared samples. The 

most common approach was to first stain with 2% uranyl acetate (UA) in 70% 

methanol (v/v in ddH.20), followed by a 5 rinses and subsequent staining in lead 

citrate. Occasionally samples were stained in UA alone; regarding lead citrate, both 

Reynold's and Sato's lead citrate recipes were used on a consistent basis. In general, 

a staining holder made from a modified grid-box with holes drilled through the 

cover was used to facilitate exchanges from staining solution to ddthO rinses. 

Length of time in each stain was variable and dependent on the sample, but typically 

grids were stained in UA for 7-10 minutes, followed by 3-5 minutes in Sato's lead, or 

7-10 in Reynold's (Sato's stain typically gave a more intense stain that developed 

over a shorter period of time). 

For some samples in Chapter 6, a KMnCU / Sato's lead sequence was applied 

following a protocol developed by Mike Reedy at Duke University (personal 

communication, see (Taylor et ah, 2007, Reedy, 1965) for reference), in an effort to 

increase contrast in internal membranes after the samples had already been 

through HPF/FS. Grids were held one at a time in self-closing forceps, and a drop of 

KMnCU was applied to the grid for 5-15 minutes. The KMnC>4 solution can form a 

"skin" of precipitate at the top of the solution; it is thus important to keep the 

pipette under positive pressure until the tip of the pipette is well beneath the 

surface, to avoid contamination of the grid with stain precipitate. The KMnCU was 
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then washed off using 10-20 drops of ddFhO either on parafilm or delivered across 

the face of the grid by pipette with the grid held sideways, allowing the drops to 

"hang" on the grid for a few seconds. A 1:100 solution of PALS bleach was then 

added drop-wise to the grid, still held sideways, for 10-20 seconds, allowing each 

drop to hang for a second or two on the grid. A second ddf^O wash [identical to the 

first] was then used to wash off the excess bleach, the residual water was allowed to 

dry off the grid, and the sample was immediately stained for 2-4 minutes with Sato's 

lead as per the protocol in the previous paragraph. The stock solution of PALS 

bleach consists of 0.5% (w/v) of potassium sulfite and 0.5% (w/v) oxalic acid, in 

ddfhO. In general, longer KMnCU staining (15 minutes) gave higher contrast to 

cellular features but made it difficult to track gold fiducials during tomography, 

while shorter staining times (5 minutes) gave less contrast but did not interfere 

with fiducial tracking. As with the UA / lead combinations that were mentioned in 

the previous paragraph, the affinity of sections for stain can vary from sample to 

sample, and often refinement of incubation time in the stains needed to be evaluated 

for each sample to produce the desired contrast. 

3.3 Transmission Electron Microscopy 

All OHC images were obtained on CCD detector. 2D projection images were 

acquired using either a Zeiss EM 10 TEM operating at 80 keV with a Gatan 780 CCD 

(Gatan Inc., Pleasanton, CA), or a Phillips CM200 TEM (FEI, Eindhoven, Netherlands) 

operating at 200 keV with a Tietz TemCam-F214 CCD camera [TVIPS GmbH, 

Gauting, Germany). Focus was adjusted to be slightly underfocused to result in 
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adequate image contrast, often within a micron of true focus due to the contrast of 

the heavy metal stain. The largest objective aperture was typically used. Images 

were stored in their raw format (16-bit] and transferred to a workstation for post

processing. ImageJ (Abramoff et al, 2004] was used for any further processing of 

the images. This included contrast adjustment, any application of filters for noise 

removal (median, low-pass], application of scalebars, and conversion to 8-bit TIFF 

or JPEG formats for other programs. Omnigraffle (The Omni Group, Seattle, WA] was 

used for figure layout and annotation. 

3.4 Electron Tomography 

3.4.1 Application of Fiducial Markers 

5 or 10 nm colloidal gold (BBI, Ted Pella] was applied to both sides of the 

TEM grid to give planes of fiducials on either side of the sample. This is 

advantageous for image alignment and assessment of potential sample deformation 

during the image acquisition process. The size used was dictated by the imaging 

conditions. When taking data with < 1 nm pixel (often 8 A], 5 nm were preferred 

because they have % the area per fiducial in the image. This allows a greater 

number of fiducials to be present without carpeting the sample with gold markers. 

Smaller fiducials also more closely resemble a discrete point rather than a wider 

circle or disc in projection, which may help nullify alignment errors due to imprecise 

tracking of the center of a wide disk. For higher contrasted samples, it was 

sometimes necessary to use a larger fiducial (10 nm) to better delineate the fiducial 

from the sample at higher-angle projections. 
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The affinity of the fiducials for the sample surface varied considerably, 

possibly due differences between samples, the batch of fiducials used, and perhaps 

properties that may be related to gold particle size. It was rare to get an even 

distribution of gold on both sides of a grid; invariably one side had many more than 

the other. Thus, it was usually necessary to assess the fiducial density on a test grid 

or two prior to tilt-series acquisition. Poly-L-lysine was often employed as a "glue" 

to facilitate attachment of fiducials to the sample surface. The following general 

protocol often worked and was used as a starting point for further refinement. A 1% 

(1 gm / mL) stock solution of poly-L-lysine was prepared in ddlkO and stored in 1 

mL aliquots at -20° C. This stock was thawed when needed and diluted lOOx, to 

produce a 0.01% solution. Grids were floated on ~20 u l drops of this solution 

placed on parafilm for 2 minutes, then washed briefly by sequentially placing the 

grid on 10 adjacent drops of ddH.20 for a few seconds each. The grid was then dried 

briefly by touching the edge of the grid to a KimWipe (Kimberly-Clark Corp., USA), 

taking care not to disturb the support film. This sequence was then repeated for the 

opposite side of the grid. When labeling both sides of a grid, it is important to get the 

bulk of the water off the face of the grid, or else the grid may flip during when 

attempting to label the opposite side due to the surface tension of the remaining 

fluid on the previously labeled side. 

After visible water had evaporated from the grid, a drop of gold colloid 

solution (full strength) was placed on parafilm, and the grid was labeled for 4 

minutes, and then briefly washed over 10 drops of ddH20 and dried as with the 

poly-L-lysine. This was repeated for the opposite side of the grid as well. Upon 
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examination by TEM, if the fiducial density was too high, the gold incubation time 

was reduced, or a dilution series was evaluated (1:2,1:10, etc) with the gold colloid 

solution. 

As a general note, concerns of having "too many fiducials" that obscure the 

field of view are greatly alleviated if it is possible to use smaller fiducials. This frees 

the scientist to be a bit more lax in optimizing the fiducial protocol, requiring much 

less time, as the prime concern reduces to just making sure there are enough 

present to use in the reconstruction process. 

3.4.2 Data Acquisition 

All datasets reported in this thesis were from dual-axis reconstructions. Two 

microscopes were used to collect tilt series, both with field-emission gun (TEG) 

sources operating at 200 keV acceleration voltage. One was a Phillips CM200 TEM 

(FEI) located in Donner Laboratory at LBNL, equipped with a Fischione Advanced 

Tomography Holder (E. A. Fischione Instruments, Inc., PA) and a Tietz TEMCam-

F214 2k x 2k CCD camera (TVIPS). The Fischione Holder allows tilting in excess of 

+/- 70°, a wide field of view for the sample, and also the ability to do arbitrary or 

fixed 90° rotations of the sample about the optical axis. This makes dual-axis data 

collection a simple matter of turning a knob on the holder between two firm 

mechanical stops, resulting in a precise 90° rotation. Otherwise, the sample would 

have to be removed between data collection for each axis and manually rotated 

using indicators on the grid to estimate a 90° rotation. In addition to precision, this 

holder frees the user from concerns of sample damage during manipulation of the 
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grid (usually a slot grid with fragile support film) between acquisitions of each axis. 

The software used for acquisition on this microscope was EMMENU 3.0 software 

(TVIPS). 

The other microscope used was a JEOL JEM-2100F QEOL Ltd., Tokyo, Japan) 

located in the Advanced Microscopy and Proteomics Suite at the University of 

California at Davis, with a Tietz TEMCam-F415 4k x 4k CCD (TVIPS). This 

microscope only possessed a single-axis high-tilt holder; therefore, the direction of 

the slot in the slot grid was used to orient the grid during rotation between data 

collection for each axis. The software used on this microscope was SerialEM 

(Mastronarde, 2005), a freely available software suite developed at the Boulder 

Laboratory for 3-D Electron Microscopy of Cells (University of Colorado at 

Boulder). 

Once a region of interest was located, the beam was spread and the sample 

was irradiated for several minutes prior to collection of tilt-series. This was done to 

alleviate concerns of specimen shrinkage during data collection; most radiation-

induced sample deformation is known to occur in the early phases of beam 

exposure. For dual-axis series, each axis is collected separately, with the second axis 

collected after rotating the specimen 90° in the plane of the image. The samples 

were coated with fiducial markers on both sides of the grid, allowing assessment of 

sample thickness after data collection. During alignment of the tilt-series, the sample 

thickness was virtually identical between axis A and axis B of the dual-axis series, 

based upon the calculated thickness between the parallel planes fit to these fiducials 

on either side of the grid - this difference was often less than one pixel. Thus, the 
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pre-exposure prior to data collection was deemed sufficient to allow any beam-

induced deformation of the sample to conclude prior to the start of tilt-series 

collection. 

During data acquisition, the tilt-axis corresponds to the y-axis of the 

projection image. Angular limits were dictated by equipment and imaging 

conditions; data was typically acquired from -70° to +70° at 1° increment. 

Sometimes the extrema on either side of this range would fluctuate between +/- 60-

70° if the image was obscured by the grid or degraded by multiple scattering due to 

increasing path-length at higher angle tilts. Data was collected starting at the highest 

negative angle and proceeding in one sweep to the positive extremum. This 

approach is sometimes referred to as "extreme to extreme" tilting and requires 

proper registration of the sample at high-angle tilts to ensure the desired image at 

0° remains centered on the CCD during data collection. For dual-axis series, this 

requirement is stricter because the 0° images from both axes must overlap, or else 

the data from both series will not be in register and there is no benefit to the dual-

axis experiment. On the CM200, this required the user to manually "walk up" the 

sample to high-tilt, and tediously compare multiple stopping points (15°, 30°, 45°, 

etc) along the way to ensure proper registration of the high-angle image with the 

original 0° projection. The SerialEM package has an automated walk-up routine, 

using cross-correlation and stage-prediction algorithms to ensure proper 

registration of the high-tilt image; however, SerialEM is not compatible with CM-

series microscopes. On the CM200, the approach of starting at 0°, and then taking 

data to -70°, returning back to 0°, and taking data to +70°, was also evaluated 
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because it alleviates the concern of ensuring both axes overlap (because both axes 

start collection at the same 0° projection rather than -70°). However, in aligning the 

resulting tilt-series, it became obvious that the two halves (-70° -> 0° and 0° -> 

+70°) had a mechanical "jump" between them, which resulted from a slight rotation 

about the x-axis as the goniometer rotated in different directions between the two 

halves. Because x-axis rotation co-varied with in-plane image rotation in the 

alignment solution, this complicated image alignment during reconstruction. Thus, 

all datasets were collected using the extreme-to-extreme protocol, which collected 

the entire axis in one sweep, alleviating this concern. 

In addition to performing registration ("tracking") throughout the tilt series 

via cross-correlation, both software packages also implemented tilt-beam 

autofocusing. The information content in the raw data is effected by the contrast 

transfer function (CTF) imposed by the TEM microscope, similar to the point spread 

function (PSF) applied in optical microscopes. The CTF is a function of focus; the 

distance from true focus applied by the objective coil thus affects the positions of 

zero-crossings in the power spectra, known as Thon rings. We wished to preserve 2 

nm information in the raw data anticipating a best-case resolution of 3 nm in the 

final tomograms. Therefore, we chose a focus target of 1 - 1.5 u.m defocus, which 

effectively set the first Thon ring at ~20 A in the FFTs of the recorded images. This 

choice was made empirically during data collection. Resolution was set to ~8 A / 

pixel to ensure adequate sampling of the data. 

Beam intensity and spot size were set to yield several thousand counts per 

image at an exposure of 0.8 - 1.0 seconds with the beam spread to ensure even 
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illumination across the CCD throughout the acquisition. Pre-exposure, also known 

as "drift settling", was typically set to 0.5 - 1.0 seconds immediately prior to 

recording of each image to counter charging-related effects. (This pre-exposure is 

separate from the irradiation applied prior to data collection to ensure sample 

stability throughout the series, discussed earlier.) The amount of pre-exposure 

chosen was determined empirically by evaluating the amount of charge-associated 

drift with and without pre-exposure for each data session. This was most easily 

done by looking at distortion in the Thon rings of the FFT, and evaluating the effects 

of increasing amounts of pre-exposure. 

3.4.3 Reconstruction, Post-Processing, and Segmentation 

The IMOD software suite (Kremer et al, 1996) was used to align each tilt 

series, reconstruct via weighted back-projection, and join the axes of each dual-axis 

dataset. Other packages were evaluated - UCSF's PRIISM (Chen et al, 1996), and 

Stanford's EM3D package - but IMOD was chosen because of its rich feature set, 

extensive user base, and impressive user support and response to modification 

requests through interaction with its developer. All projection data and 

reconstructed volume maps were stored in the MRC file format, native to IMOD and 

the general structural EM community. For post-processing of the resulting volume 

density maps, several methods were evaluated in increase the signal-to-noise ratio 

(SNR) in the raw maps. These included the application of several exotic feature-

preserving filters such as anisotropic diffusion (from IMOD) and bilateral filters 

(Jiang et al, 2003), along with a local contrast enhancement algorithm (Yu & Bajaj, 
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2004). Application of filters outside the IMOD suite often required the modification 

of pre-existing code for compatibility with the MRC data format, and we found that 

application of 1-3 rounds of a small-kernel (3-pixel) median filter was sufficient to 

reduce speckle noise in the image without noticeable degradation of image 

resolution. Thus, all post-processing of tomograms presented in this thesis was done 

by median filter alone. 

For model generation, contour-based models were first constructed using 

IMOD's 3dmod visualization program to trace membrane contours and individual 

filaments, moving slice-by-slice through the volume map. Along with maneuvering 

through z-planes, arbitrary slice-plane orientation can be specified in 3dmod, 

allowing the user to optimize the best oblique view when delineating various 

features. Contours representing membranes were then meshed into surfaces using 

IMOD's meshing algorithm, 'imodmesh', which produces triangular surface meshes. 

Resulting IMOD models and tomogram maps were then imported into UCSF's 

Chimera package (Pettersen et al, 2004), a molecular modeling program which has 

been extended to visualize volume data maps from single-particle reconstructions 

and electron tomography (Goddard etal, 2007). There are two common approaches 

to visualizing volume data in 3D - volume rendering and isosurface representations. 

An isosurface requires the user to choose a single contrast value from which to 

generate a surface map. While the interpretation of the resulting surface is intuitive, 

it can generate misleading representations of the data if inappropriate isosurface 

levels are chosen. Isosurfaces work well if there is a single value that designates a 

well-defined boundary of an object; in electron tomograms, that is usually not the 
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case. If a "generous" isosurface value is chosen, features can blend into one another, 

implying false topology and/or connectivity. Volume rendering, on the other hand, 

applies a contrast ramp where each pixel is scaled according to a function of its 

intensity value, and a projection is generated. This is similar in concept to how a 2D 

intensity map is displayed as an image, which depends upon a linear ramp to map 

pixel intensity to grayscale values on the screen. In electron tomograms, the imaging 

of intact cytosol complicates the application of both of these approaches; 

surrounding features block the visualization of features of interest, which are 

usually buried within the volume. Thus, for either approach, regions of interest must 

be extracted, or segmented out. Because a rectangular grid of pixels rarely bounds 

these features, algorithms must be used that utilize models of these features to mask 

out, or segment out, the relevant voxels in the map. 

Similar to the experience with IMOD, the reception of Chimera developers to 

user requests greatly enhanced the utility of this package in this thesis. This 

included the extension of the 'mask' command to extract volume data around model 

surfaces, such as membranes specified by imported IMOD model files. When 

exploring isosurface or volume rendered displays, the resulting output was 

compared directly to 2D slices from these features, which are easily interpretable 

grayscale images. All volume renderings and images of segmented tomography 

maps and models were generated using Chimera, and distance calculations were 

performed in Chimera on imported IMOD model files. 

For the SSC volume renderings in Chapter 6, the surface masking code 

mentioned above was used for segmentation of the density around SSC membranes 
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and lumenal contents. This was essential because the membrane curvature required 

segmentation that could follow an arbitrary surface. Using IMOD, surface models 

were created with contours traced along the mid-plane of SSC membranes. The 

resulting models, imported into Chimera, were then used to restrict segmented 

voxels to lie within 6 nm of this surface, in effect capturing a 12 nm slab of 

membrane density. This thickness was enough to ensure that the entire SSC 

membrane thickness was captured, without including lumen contents. Similarly, to 

segment out lumenal material, the same masking tool was used to segment out the 

density spanning between the two surface models representing adjacent 

membranes of a single SSC cistern. A simple script was then written to perform the 

Boolean complement operation between cistern and membrane maps, to remove 

membrane density and isolate the lumen contents in the cistern. Volume rendering 

was then applied to the resulting segmented maps by choosing a contrast ramp that 

replicated the observed features seen in the small patches of SSC membrane that 

were captured within 2D slice images generated in IMOD, validating the rendering 

against an accepted 2D image. 
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Chapter 4: Evaluation of Sample Preparation 
Conditions Assessed by 2D Projection Imaging 

4.1 Introduction 

In pursuing electron tomography of the OHC lateral wall, the quality of the 

sample being imaged is of prime concern. The relevance of 2D or tomographic TEM 

analysis to the underlying structural question is only as good as the faithfulness of 

the resulting TEM sample to the original biological specimen. Because resin-

embedded TEM specimens undergo multiple chemical processing steps prior to 

imaging, it is important to establish confidence in the fidelity of the final sample 

being imaged after all these protocols. 

The concerns surrounding sample preparation can be summarized in two 

main ways: (1) understanding how well features are preserved, along with 

minimization of sample prep artifacts and understanding how they may effect the 

physiologic state under study, and (2) optimization of specimen contrast to allow 

definitive conclusions to be drawn during the imaging process. In many cases, 

evaluating (1) and (2) is straightforward - some artifacts are easily visible, such as 

ice damage during freezing methods, or empty intracellular space indicative of 

cytosolic extraction. Similarly, comparison among multiple samples will show 

variations in staining of identical features, which is a contrast issue. However, 

concerns (1) and (2) are not entirely separable - for example, a structure that is 

removed or damaged during processing will result in missing or altered contrast in 
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the image, but that is not a contrast problem. Likewise, a structure may be present 

but suffers from poor contrast, and is therefore not easily detectable, but this is not 

an artifact of preservation. 

Complete visualization of the OHC lateral wall presents some unique 

requirements - it contains both cytoskeletal (cortical lattice, pillars) and 

membranous (plasma membrane, SSC) components, and sample preparation 

methods often do a better job of preserving one over the other. It was therefore 

necessary to evaluate a range of approaches, starting with standard/conventional 

aldehyde fixation protocols, and proceeding in increasing complexity to freshly 

dissected tissue for high-pressure freezing (HPF) and freeze-substitution (FS). We 

avoided intentional use of extraction during our evaluation - extraction is often 

employed to better visualize cytoskeletal detail, but it relies on the removal of 

membranous components, which would defeat our attempts to get the best 

preservation of the intact wall. 

Cryo-TEM of vitreous-sectioned material is considered the gold standard 

from which to compare other preparation protocols, but this becomes unfeasible for 

specimens that require prior knowledge with respect to sample orientation. Thus, 

we relied upon comparison between the preparation methods themselves, along 

with previously established structural findings for the OHC in the literature, to 

evaluate the quality attained in the protocols we surveyed. 

This chapter contains results from both mouse and guinea pig OHCs. Mice 

were originally chosen to establish groundwork for evaluating mutant phenotypes; 

however, as increasingly sophisticated approaches were surveyed, guinea pig 
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became the OHC source due to practicalities in obtaining freshly dissected OHCs in 

adult animals. The results are presented in a similar chronology, which also mirrors 

the development of the final preparation used in Chapter 6. Because 

experimentation in the methodology itself is central to the discussion that follows, 

information that would typically be separated into materials and methods is instead 

integrated into the discourse. Exhaustive detail not pertinent to the discussion is 

included in Chapter 3. For HPF/FS of guinea pig OHCs, a new method was developed 

involving containment of the cells within cellulose dialysis tubing; this method, and 

its application to two separate systems (guinea pig OHCs and breast cancer acini) 

has been published and is detailed in the following chapter. The results and 

discussion proceed in the following manner: evaluation of conventional fixation and 

dehydration (mouse), progressive lowering of temperature (PLT) dehydration and 

tannic acid (mouse and guinea pig), aldehyde fixation prior to HPF/FS (mouse), 

HPF/FS of freshly dissected OHCs (mouse), evaluation of cryo-protectants during 

HPF/FS (guinea pig), and the effects of water added to the FS media (guinea pig). 

4.2 Results and Discussion 

4.2.1 Conventional Fixation and Dehydration 

The first protocol evaluated is referred to as "conventional fixation" because 

it is representative of the standard preparation protocol applied to biological 

samples, including most previous OHC studies. Intact cochleae were first exposed to 

primary fixation in an aldehyde mixture, followed by secondary fixation in osmium, 

en-block staining in uranyl acetate (UA), decalcification in EDTA, room temperature 
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dehydration in a graded acetone series, and finally embedded in Epon resin 

(Embed812). The aldehyde mixture contained 3% glutaraldehyde (GA), 2% 

paraformaldehyde (PFA), and 1 % acrolein in 0.1 M cacodylate buffer; the osmium 

solution contained 1.5 % OsCU plus 1.5% potassium ferricyanide, also in 0.1 M 

cacodylate. Potassium ferricyanide was added because it increases reactivity of 

osmium, and thus membrane contrast. 

The results of this procedure are illustrated in Figure 4-1, which will serve as 

a standard for comparison for the rest of the preparation methods. Figure 4-la is a 

montaged image of an OHC, with the region of interest (ROI) containing the lateral 

wall indicated by a red box. The other two panels contain successive close-ups of 

this ROI. The SSC is prominent, with a discontinuous structure indicative of 

fenestrations, or holes, through the thickness of the organelle. Excluding the SSC, it 

is interesting that the cytoplasm is largely devoid of similar membranous structures 

aside from the region just beneath the cuticular plate at the apex of the OHC, which 

has been called the canalicular reticulum (Spicer et al., 1998). The lower 

magnification close-up (Figure 4-lb) shows the apparent regularity of these 

fenestrations, along with the existence of one intact layer of SSC, occasionally with a 

second layer beneath the first. Mitochondria are also aligned adjacent to the SSC. In 

the extracisternal space (ECS) between the SSC and plasma membrane (PM), density 

spanning between the SSC and PM, representing the pillar protein, can be seen. 

These pillar structures are better illustrated in the higher magnification view of 

Figure 4-lc. In 2D projections like this one, it is difficult to tell where the actin 

"ends" and the pillar "begins" - in interpreting the image, one must take into account 
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the knowledge from other section orientations and previous studies that the actin 

filaments lie on top of the SSC, and therefore their cross-section most account for 8-

10 nm of this ECS density. The mitochondria closely approach but do not touch the 

adjacent layer of SSC. Within the lumen of the SSC, the density is at similar or lower 

levels to the outside cytoplasm, and it is unclear if the occasional density imaged 

indicates underlying structure, or just free lumenal contents. It is also not possible 

to ascertain if the SSC layers are connected to each other. Two intensely stained 

objects of approximately 20-25nm are seen attached to the innermost layer of SSC; 

these are most likely ribosomes. These observations are congruent with previously 

published TEM studies of the OHC lateral wall and serve as a baseline to compare 

the other preparation methods. In most of the images that follow, the ROI will be 

similar to that of Figure 4-lc. 
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Figure 4-1 Conventional sample preparation of mouse OHCs. Scalebars: (a) 2 \im, 

[b] 600 nm, [c) 100 nm. 
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4.2.2 Progressive Lowering of Temperature (PIT) Dehydration and 
Tannic Acid 

The term extraction is used to describe empty regions of cytosol that would 

be expected to contain features contributing to density in the TEM image. Extraction 

is sometimes employed through the use of detergent exposure disrupt cell 

membranes, which can facilitate the visualization of cytoskeletal components, albeit 

at the expense of the surrounding features. Unintended extraction can occur due to 

inability to strongly fix components in place, the necessary dehydration of the 

sample prior to resin infiltration, and the infiltration of the resin itself. 

Lower temperature dehydration, as evidenced by freeze substitution 

protocols, often decreases the amount of extraction that occurs during resin 

embedding. Progressive lowering of temperature (PLT) protocols rely on the 

depression of the freezing point of water as ethanol is added; the temperature is 

gradually lowered as the level of ethanol in the dehydration series is increased, 

staying just above the freezing point of the solution to prevent ice damage. To 

evaluate the effects of PLT on OHC samples, intact cochleae from both mouse and 

guinea pig were used. Tannic acid (TA), a fixative and mordant for UA, was also 

evaluated because it is commonly used to preserve cytoskeletal preparations that 

contain actin. 

The same general sequence outlined in the previous section was used prior 

to PLT and embedment in an Epon/Araldite mixture. For the mouse, the primary 

aldehyde mix contained 3% GA along with 0.2% TA in a buffer containing 60 mM 

MOPS, 100 mM KC1, and 5 mM MgCl2; osmification occurred in 0.5% 0s04 plus 0.8% 
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potassium ferricyanide in phosphate buffer containing 10 mM MgCh. 

Representative images from this protocol compose Figure 4-2. For the guinea pig, 

the primary fixative was either 2.5% GA in phosphate buffer or 2.25% GA plus 0.2 

TA in phosphate buffer; osmification occurred in 0.5% 0s04 plus 0.8% potassium 

ferricyanide in cacodylate buffer. Microwave radiation, which enhances and 

accelerates the steps of conventional protocols, was applied during the primary 

fixation and decalcification of these guinea pig samples. These images are illustrated 

in Figure 4-3. The main difference between Figure 4-2 and Figure 4-1 is thus the 

application of the PLT protocol following en-bloc UA, along with the addition of TA 

to the primary fixative. In Figure 4-3, both guinea pig samples were treated with 

PLT, and the only difference is the presence or omission of TA in the primary 

fixative. 

Starting with the mouse sample, Figure 4-2a looks qualitatively similar to 

Figure 4-lc. A single layer of SSC is located just beneath the PM, with a 

mitochondrion positioned next to the SSC. Comparing the cytosol between the two 

samples, there appears to be less extraction in the PLT sample, but this difference is 

subtle. Frequent fenestrations were also observed in the SSC of this sample; this is 

best illustrated by the en-face section of Figure 4-2b, where the darker regions 

correspond to the overlay of both SSC and PM, while the lighter patches correspond 

to the fenestrations. In comparing the ECS of Figure 4-lc and Figure 4-2a, the pillar 

densities of Figure 4-lc are well contrasted, while they are not present in Figure 

4-2a. This is not the expected result, as TA would be expected to highlight features 

containing actin, such as the cortical lattice. 
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Figure 4-2 PLT of mouse OHCs. (a) common cross-section of the OHC lateral wall, 

(b) en-face section of the lateral wall, showing fenestrated pattern of the SSC. 
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Along with providing comparison to a different animal model, Figure 4-3, 

from guinea pig OHCs, gives another example with which to compare the utility of 

TA in visualizing ECS features. Two examples from each case - with (a-b) and 

without (c-d) TA - are given to illustrate contrast variability within the same 

specimen when making this comparison. Pillar features are present in both 

preparations, and it is difficult to conclude that one approach results in superior 

contrast to the other. This observation, along with that from the mouse trial of 

Figure 4-2, may well be because TA has difficulty penetrating intact, non-extracted 

cell preparations; indeed, others have reported the addition of the detergent 

saponin is required for TA to be effective in intact cells (Maupin & Pollard, 1983). In 

examining the SSC under both conditions, it is evident that the outermost layer is 

continuous, rather than fenestrated as seen in the mouse samples, with rare breaks 

in the cisternae. The fact that this comparison is drawn under similar preparation 

conditions argues against the possibility that the fenestrations observed in mice are 

solely the result of preparation artifacts during the fixation process, and supports 

previous claims that the SSC exhibits morphological differences among species 

(Forge, 1991). 
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Figure 4-3 PLT of guinea pig OHCs. (a-b) with TA in the primary fixative; (c-d) 

without TA in the primary fixative. Scalebar = 100 nm. 
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4.2.3 Aldehyde Fixation Followed by HPF/FS 

Following evaluation of PLT in mice OHCs and inconclusive benefit observed 

with respect to the lateral wall, we decided to invest effort in HPF/FS approaches, 

which provide the best possible preservation for resin-embedded samples. We 

began by dissecting fresh, intact organ of Corti from adult mouse and in one trial, 

adult rat, with the goal of avoiding potential artifacts from aldehyde fixation prior to 

freezing. Several attempts over the course of 6 months failed to result in success; in 

most cases, OHCs were simply not observed in the final resin sample due to the 

difficulty of dissecting unfixed organ of Corti from these adult animals. In one trial, 

when OHCs were successfully tracked through the entire process with rat tissue, the 

small amount of tissue that remained suffered significant freezing damage. 

Because of these difficulties, we decided to first aldehyde fix the cochlea 

because the increased mechanical integrity of the fixed tissue facilitated dissection 

and handling of the tissue prior to HPF, along with alleviating time constraints prior 

to freezing. In choosing the fixative, we were concerned about fixative-induced 

artifacts in the SSC; we noted that Dieler et al. (Dieler et al., 1991) believed that the 

hyper-osmotic fixative solutions normally employed in cochlear fixation resulted in 

fenestration and vesiculation of the SSC. Their experiments were based on slow 

perfusion of isolated OHCs with a gradually increasing concentration of GA as the 

fixative; because this was not possible for us to implement, we instead chose to 

account for the osmolarity of a 1% GA solution (100 mOsm) and lowered the salt 

content of the HEPES buffer to 200 mOsm, which we hypothesized should result in 

an "iso-osmotic" condition when the 300 mOsm dissecting media (also a HEPES 
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solution] was replaced with the fixative solution. The intent was to provide near-

identical conditions [components of the buffer, total osmolarity) between initial 

dissection and fixation, with the exception of the addition of the aldehyde fixative. 

However, because the rate at which GA permeates cells was not known, it was 

difficult to predict what the "effective" osmolarity would be during this process. 

Figure 4-4 contains a representative sample of the results from these trials. 

The close-up of Figure 4-4b shows well-defined densities in the ECS, corresponding 

to individual pillar proteins; in the en-face section of Figure 4-4c, individual actin 

filaments are well resolved, indicated by red arrowheads. A microtubule snaking 

through the center of the image, located interior to the SSC, gives a sense of the 

difference in scale among various filamentous features of the cytoskeleton. Overall, 

this preparation represents an advance over the previous methods evaluated in 

terms of cytoskeletal preservation. 

However, as starkly evident in Figure 4-4a, the preservation of the SSC is 

poor in this preparation. Faint contrast in Figure 4-4a is present where the SSC is 

expected to be; however, in the close-up of Figure 4-4b, it is not seen at all. This was 

true across all trials of this approach. There is also significant extraction present in 

the cytosol (Figure 4-4a), in some cases worse than the conventional and PLT 

protocols. One possibility is that the entry of aldehyde into the cell was fast enough 

to rapidly lower the effective osmolarity of the buffer, causing hypo-osmotic lysis of 

the cells and subsequently intracellular compartments. Images from the same 

fixation protocol but with 20% BSA as the HPF showed identical background 

staining both inside and outside the cells, suggesting that BSA was able to enter the 
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OHCs, which supports the hypothesis that the cells were indeed compromised prior 

to HPF/FS. However, a follow-up experiment using full-strength dissection buffer 

(300 mOsm HEPES buffer) along with 1% GA, which eliminates the possibility of 

hypo-osmotic lysis, produced similar results with respect to both the level of 

cytosolic extraction and lack of SSC contrast - which argues that these artifactual 

effects could not be solely attributed to the alteration of the buffer osmolarity 

during the iso-osmotic pre-fixation trials. 

To summarize the results so far, we were able to improve upon our results 

from the conventional preparation protocol in the visualization of cytoskeletal 

components in the lateral wall. However, the inability to visualize the SSC, a critical 

component of the lateral wall, along with significant cytosolic extraction indicative 

of sub-optimal preparation, emphasized the need for further refinement of the 

sample. A successful trial of fresh-frozen HPF/FS was needed. 
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Figure 4-4 Images of "iso-osmotic", aldehyde pre-fixed mouse OHCs prior to 

HPF/FS. Red arrows in (b) indicate individual pillar complexes; red arrowheads in 

the en-face section of (c) indicate individual actin filaments. MT = microtubule; 

scalebars: (a,c) = 500 nm; (b) = 200 nm. 
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4.2.4 HPF/FS of Freshly Dissected Mouse Organ ofCorti 

Our previous attempts at HPF/FS, either with or without pre-fixation, had 

relied on a single individual to both perform the necessary dissection and load the 

specimen carrier for HPF. Both of these steps require significant technical expertise 

along with time constraints for completion of freezing due to the short lifetime of 

OHCs following dissection. To maximize the possibility of success, collaboration 

with a colleague well versed in the intricacies of mouse cochlear dissection was 

essential. Anping Xia, visiting from Baylor College of Medicine, had extensive 

experience dissecting newborn mouse cochlea for culture, and was able to dissect 

enough intact strips of organ of Corti from young adult mice (38 day old) for 

imaging of HPF/FS prepared OHCs. 

Figure 4-5 contains two regions of OHC lateral wall from a sample prepared 

with 10% glycerol as the HPF filler material. The difference in quality obtained using 

this approach is striking. There is no detectable extraction - there is density 

throughout the cytosol, with no empty patches implying missing or altered 

structure. In the ECS region near the PM, densities corresponding to pillar and 

cortical lattice structures are seen. Overall, there is a subtlety to the contrast 

differences within the image when compared to images derived from conventional 

sample preparation methods, which is a common observation in HPF/FS specimens. 

This is due to finer staining of the cellular features, which alleviates concerns of 

aggregation or precipitation that arise when interpreting the coarser stain 

distribution often associated with conventional processing methods. This is also due 
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to the minimization of cytosolic extraction during the HPF/FS process, as the 

extraction in conventional preparations enhances the appearance of remaining 

features through the removal of background density. Both of these characteristics 

are indicative of the higher quality preparation gained with HPF/FS and are 

considered acceptable trade-offs when interpreting lower-density images and 

tomographic maps. 

However, in regards to the study of the OHC lateral wall, there is still one 

glaring omission in these images - in the region where the SSC should be visualized, 

there is almost complete absence of the membranes that delimit the SSC. In fact, 

aside from the PM, most membranes are absent in the image. For example, in the left 

panel of Figure 4-5, the presence of two rows of ribosomes indicates the presence of 

a segment of rough endoplasmic reticulum (rER), but the membrane between 

adjacent ribosomes is missing. This result is not unique to OHCs; overall lack of 

internal membrane contrast is a general observation in freeze-substituted samples 

(Walther & Ziegler, 2002]. This could be due to the fact that dehydration occurs 

before or alongside fixation during freeze substitution; thus, lower membrane 

contrast may result from extraction of lipid content before fixation by osmium. 
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Figure 4-5 HPF/FS of freshly dissected mouse OHCs. There is no obvious 

extraction, indicated by the presence of density throughout the cytoplasm. Discrete 

densities are apparent within the ECS, corresponding to the pillar proteins and 

cortical lattice. The SSC, however, is conspicuously absent, as is evidence of other 

internal membranes - the rough ER (rER) is visible by the linear arrangement of 

ribosomes, but its membrane is not seen. 
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4.2.5 HPF/FS of OHC Strips From Guinea Pig 

Despite the success with HPF/FS of mouse organ of Corti, that approach did 

not yield enough material to screen HPF filler materials along with variation of the 

FS protocol to increase internal membrane contrast for visualization of the SSC; we 

needed an OHC source that would generate enough material to evaluate these 

parameters. In contrast to the mouse and rat, it is possible to reliably dissect out 

multiple long, intact strips of OHCs from guinea pig cochleae. Also, because much of 

the previous OHC physiology work was done on guinea pig OHCs, this would allow 

us to directly compare the potential impact of our structural observations to 

previous studies. We developed a method to encapsulate OHCs in cellulose 

microdialysis tubing, allowing for easy manipulation and tracking of the samples 

through the HPF/FS process. This procedure along with example applications is 

presented as published in Chapter 5. The remaining figures that follow from guinea 

pig OHCs were all prepared using this method. 

4.2.5.1 Comparison of Filler Materials for HPF 

The empty space surrounding the sample in the HPF specimen carrier must 

be filled prior to freezing. Pure dissection buffer is a poor choice because of its 

potential to form crystalline ice; once ice forms around the sample, it acts as an 

insulator, retarding removal of heat from the sample and encouraging ice damage 

within the specimen. Thus, a filler material with cryoprotective characteristics is 

preferred. These can be classified into two main groups - penetrating (glycerol) 

cryoprotectants that are known to penetrate cells, and non-penetrating (BSA, 
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dextran) cryoprotectants that remain outside the cell. In the previous example given 

for HPF/FS mouse, we chose to use 10% glycerol (v/v) because that was our 

standard filler material. However, aside from being a penetrating cryoprotectant, by 

calculation 10% glycerol should add approximately 1000 mOsm to the buffer 

solution. While there was not obvious collapse of the mouse OHCs in Figure 4-5 

under that osmotic load, OHCs are known to be osmotically sensitive (Chertoff & 

Brownell, 1994). It was thus necessary to evaluate alternatives such as BSA and 

dextran that would yield a much lower osmotic contribution (approximately 50 

mOsm by calculation). 

Figure 4-6 contains representative images from 3 of these filler materials -

panel (a) used 10% glycerol (v/v), panel (b) used 20% BSA (w/v), and panels (c-d) 

used 20% dextran (w/v). In all samples, 1% or 2% water (v/v) was added to the 

freeze-substitution mix to enhance membrane contrast following the example of 

(Walther & Ziegler, 2002). Across all samples, the SSC membranes were well 

contrasted; this is an obvious improvement over the absence of SSC in both the pre

fixed and fresh-frozen mouse HPF/FS preparations. Also evident in all samples is 

the presence of density running down the middle of the SSC lumen - a novel finding 

that is elaborated on in Chapter 6. In comparing the effects of the different fillers, in 

the glycerol treatment of Figure 4-6a, the ECS was collapsed, making visualization of 

cytoskeletal components impossible. This was likely secondary to the high osmotic 

load contributed by the glycerol in the filler material. On the other hand, Figure 4-6b 

and Figure 4-6(c-d) show similar preservation of the ECS, with the space between 
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the PM and SSC remaining open. In (b-d), the presence of density within the ECS 

makes it difficult to resolve individual pillar proteins in projection. 
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Figure 4-6 Comparison of glycerol (a), BSA (b), and dextran (c-d) as HPF filler 

materials using guinea pig OHCs. All samples had water added to the freeze 

substitution media. Scalebars = 100 nm. 
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While the effects of the BSA and dextran fillers are indistinguishable by TEM, 

each raises unique practical hurdles during subsequent processing of the HPF 

samples. BSA, being protein, stains darkly during freeze substitution; the resulting 

sample after HPF/FS therefore resembles a brown-orange disk, and it is difficult to 

assess the location and orientation of OHCs in the sample. This complicated 

mounting and sectioning the material, because in addition to locating the OHCs, it 

was desirable to predict and influence whether axial or longitudinal sections of the 

OHCs were cut. On average, when examined by TEM, the dextran samples yielded a 

better percentage of well-frozen samples when compared to BSA, and the dextran 

was optically transparent after freeze substitution, making it easy to mount and 

orient the sample. However, the dextran can form an impermeable barrier around 

the sample, impeding freeze substitution; about 30-50% of the samples had such 

problems, but they were discernable using a stereoscope prior to sample mounting 

and microtomy. Similarly, the dextran was difficult to section, and would often 

compress or disintegrate during microtomy; in most cases, it was not possible to 

section thinner than 100-150 nm. For tomography, however, 150 nm sections were 

used, so this would only be a problem if thinner sections were routinely desired for 

2D imaging. 

Two other filler materials were evaluated but were not included in these 

images. We tried 5% BSA [w/v) because it would result in the least osmotic change 

in the filler material; however, all samples evaluated in that filler suffered significant 

freeze damage. Along with 20% dextran, 20% dextran plus 5% sucrose (w/v) was 
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evaluated, but there was no discernable difference in the quality of freezing, and the 

addition of sucrose was not desirable due to its osmotic contribution. 

4.2.5.2 Addition of Water to Improve Membrane Contrast 

Figure 4-7 provides a direct comparison between two guinea pig samples 

treated with (Figure 4-7a) and without (Figure 4-7 (b-c)) the addition of water to the 

freeze substitution media; both utilized 20% dextran as the filler material. The only 

other difference between the two samples is the depth of freezing used; the sample 

in Figure 4-7a was frozen in a 200 urn deep specimen carrier, while Figure 4-7(b-c) 

was frozen in a 150 urn carrier. However, this difference is considered insignificant 

when comparing the SSC contrast of (a) versus (b-c). With the addition of water to 

the FS, the membranes of a continuous, linear cistern of SSC are clearly seen in 

Figure 4-7a, while without the presence of water, patches of SSC are rarely seen 

(Figure 4-7b) and are typically absent (Figure 4-7c). 
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Figure 4-7 Comparison of Dextran guinea pig OHC sample with water added to FS 

(a) and without (b-c). In samples without water added to the FS, SSC is lower 

contrast and seen in patches (b, red arrows), and sometimes not at all (c). Scalebar = 

100 nm. 
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Condition 

Conventional Fixation and Dehydration 
(mouse) 

PLT Dehydration + tannic acid (mouse) 

PLT +/- tannic acid (guinea pig) 

Aldehyde Fixation followed by HPF/FS 
(mouse) 

Fresh-frozen HPF/FS (mouse) 

Comparison of HPF 
filler materials 
(guinea pig) 

FS media +/- H2O (gi 

10% glycerol 

20% BSA 

20% Dextran 

linea pig) 

Observation 

Fenestrated SSC; preserved ECS; 
cytoplasmic extraction 

Fenestrated SSC; less ECS contrast 
compared to Conventional, less 
extraction than Conventional 

Continuous SSC; no significant difference 
in ECS cytoskeletal contrast with or 
without tannic acid 

Better preservation of ECS; significant 
cytoplasmic extraction; SSC missing 

Best preservation of ECS; no detectable 
cytoplasmic extraction; SSC very faint / 
absent 

Collapsed ECS due to osmotic load; 
continuous SSC 

Open/patent ECS; continuous SSC; 
higher rate of freeze damage than 
dextran; difficult to orient after FS due to 
opaque BSA 

Open/patent ECS; continuous SSC; 
dextran transparent after FS; difficult to 
section 

Addition of H2O significantly increases 
SSC contrast; SSC continuous 

Table 4-1 Synopsis of the main observations made when evaluating the different 

sample preparation protocols described in this chapter. 
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4.3 Summary 

A broad spectrum of approaches was assessed in an attempt to optimize the 

preservation and contrast of OHC lateral wall components. The results above detail 

the evolution of a sample preparation protocol that began with the evaluation of 

conventional aldehyde fixation methods using intact mouse cochleae, and concluded 

with refinement of HPF/FS protocols in isolated strips of guinea pig OHCs. A 

summary of the main observations made during the evaluation of the methodologies 

described in this chapter is provided in Table 4-1. 

The greatest SSC membrane contrast was obtained in specimens exposed to 

water during the FS process; however, when comparing guinea pig samples, the best 

cytoskeletal and SSC detail during tomography (Chapter 6) was obtained from a 

sample that was not exposed to water during freeze substitution - and had 

correspondingly lower membrane contrast overall. However, that sample was also 

frozen in a thinner specimen carrier - 150 micron, instead of 200 micron. So it is not 

possible to conclusively say that the lack of water in the FS media was the main 

reason for the finer detail; it may have been that the thinner carrier gave an increase 

in freezing quality that was sufficient to preserve this detail. It could also be that the 

SSC membrane pattern — discussed in Chapter 6 - was less pronounced in samples 

that included water in the FS media simply because those samples may retain 

greater lipid content (Buser & Walther, 2008), which would mask the underlying 

pattern we observed in the non-water sample. To summarize, it is the author's 

impression, given the samples studied, that the increase in contrast obtained by 
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adding water to the FS media may, in some cases, be at the expense of preserving 

other features in the sample. For practitioners of TEM, this kind of observation is 

familiar - every type of sample is unique, and it is rare to draw a conclusion in 

sample preparation that applies generally to all biological specimens. 

As a general comment, OHCs are extremely difficult to freeze well. This may 

be due in part to relatively high water content of the cells, similar to neural tissue. In 

the process of surveying all compatible cryoprotective fillers, it was necessary to 

section and evaluate numerous samples in each case to find useable material; the 

freeze-damage rate of the evaluated samples was over 50%. It is the author's 

opinion that further advancement of HPF/FS for OHCs requires the use of shallower 

specimen carriers, in the range of 50 - 100 |xm deep. Because the cellulose dialysis 

tubing used in these studies has a diameter of ~ 200 u.m, it is not possible to use a 

depth of less than 150 \im (thus slightly compressing the tubing) when freezing -

attempts to use 100 \im carriers resulted in destruction of the sample. Thus, a 

possible direction for future development could be aimed at freezing OHCs 

embedded in a matrix such as low-melt temperature agarose, perhaps by 

modification of the aspiration method in Chapter 5 to allow direct deposition of the 

specimen in a thin sample carrier. 
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Chapter 5: Controlled Microaspiration for High-
Pressure Freezing: a New Method for Ultrastructural 
Preservation of Fragile and Sparse Tissues for TEM 

and Electron Tomography 

W. J. Triffo, H. Palsdottir, K. L. McDonald, J. K. Lee, J. L. Inman, M. J. Bissell, R. 

M. Raphael, M. Auer 

5.1 Summary 

High-pressure freezing is the preferred method to prepare thick biological 

specimens for ultrastructural studies. However, the advantages obtained by this 

method often prove unattainable for samples that are difficult to handle during the 

freezing and substitution protocols. Delicate and sparse samples are difficult to 

manipulate and maintain intact throughout the sequence of freezing, infiltration, 

embedding, and final orientation for sectioning and subsequent transmission 

electron microscopy (TEM). An established approach to surmount these difficulties 

is the use of cellulose microdialysis tubing to transport the sample. With an inner 

diameter of 200 micrometers, the tubing protects small and fragile samples within 

the thickness constraints of high-pressure freezing, and the tube ends can be sealed 

to avoid loss of sample. Importantly, the transparency of the tubing allows optical 

study of the specimen at different steps in the process. Here, we describe the use of 

a micromanipulator and microinjection apparatus to handle and position delicate 

specimens within the tubing. We report two biologically significant examples that 



97 

benefit from this approach, 3D cultures of mammary epithelial cells and cochlear 

outer hair cells. We illustrate the potential for correlative light and electron 

microscopy as well as electron tomography. 

5.2 Introduction 

In preparation for ultrastructural analysis by transmission electron 

microscopy (TEM), high-pressure freezing is the preferred method for cryofixation 

of biological specimens that are thicker than 10 urn, but thinner than 300 urn 

(Muller & Moor, 1984, Gilkey & Staehelin, 1986, Moor, 1987, Dahl & Staehelin, 

1989). However, the size limitation imposed by the metal specimen carrier for 

sample loading may introduce requirements not encountered in more conventional 

methods that rely on aldehyde fixation protocols. Tissues that are normally handled 

in larger pieces may become friable when dissected at this size, making it difficult to 

load the specimen and maintain their integrity throughout processing. Smaller 

specimens such as single cell suspensions can be spun down to a pellet for easier 

handling, but centrifugation is undesirable for some specimens due to their delicate 

nature. Another significant problem in sample preparation is that the specimen may 

be too sparse to yield a pellet of manageable size. Problems associated with loss of 

small samples and sample fragility propagate through subsequent processing in 

freeze substitution and resin embedment, which require multiple solution 

exchanges and manual handling. Further, many experiments, such as those 

involving correlative light and electron microscopy of the same specimen, require 
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precise tracking and orientation of specific regions within a sample. This 

information is often difficult to preserve with existing processing methods. 

Cellulose microdialysis tubing has proven useful in the preparation of cell 

suspensions (Hohenberg et al, 1994) and small samples such as Caenorhabditis 

elegans embryos (Muller-Reichert et al, 2003]. In addition to facilitating handling 

during subsequent processing steps, the cellulose tubing has the added benefit of 

being transparent in the light microscope. Previous implementations of this 

approach have relied on either capillary action or the use of a pipette to load the 

sample into the tubing for further processing (Muller-Reichert et al, 2007). The 

volume enclosed by 1-2 millimeter segments of tubing is well below a microliter; at 

such small displacements, sparse and/or delicate samples may require a greater 

degree of precision in specimen manipulation than that provided by previous 

methods. 

Here we describe the use of a micromanipulator and microaspiration setup 

to allow accurate and predictable positioning of such samples within dialysis tubing. 

We discuss results from two samples which benefit from this technique: (1) 3D 

cultures of mouse mammary organoids used as a model system to study breast 

tissue biology in health and disease (Barcellos-Hoff et al, 1989, Aggeler eta/., 1991), 

and (2) guinea pig outer hair cells (OHCs), which are isolated in a sensory 

epithelium that is 1-2 cell layers thick and are vital to mammalian hearing (Brownell 

et al, 1985, Kachar et al, 1986, He et al, 2006, Spector et al, 2006). 
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5.3 Materials and Methods 

An overview of the entire preparation process is illustrated in the flow 

diagram of Figure 5-1. Steps that are required for TEM are listed in the right column, 

while corresponding opportunities for light microscopy for process evaluation or 

correlative studies are shown to the left. In addition to the general aspiration 

approach, details specific to our example specimens are given below. 
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Microscopy 

Light Microscopy 

Biological Sample 

I 
Microaspiration 
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High-pressure 
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Embedding 

I 
Sectioning 

Figure 5-1 Flow diagram of the generalized protocol. Optional light microscopy 

(LM) steps are highlighted in gray. 
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5.3.1 Micromanipulation and Microaspiration 

Figure 5-2 shows the assembled configuration including stereoscope, 

micromanipulator, and microaspiration system. A Sutter Xenoworks Analog 

Microinjector (Sutter Inst. Co., CA, USA) with a 100 uL Hamilton syringe was used 

for aspiration and positioning of specimens within the Spectrapor dialysis tubing 

(Spectrum Labs, CA, USA). Short segments of tubing were joined to a 1 mm outer 

diameter glass capillary with 0.5 mm inner diameter using nail polish; this capillary 

was then mated to the micropipette holder of the microinjector. Mineral oil was 

used as the hydraulic fluid throughout the system up to the junction with the 

capillary. A Siskiyou MX110 4-axis manual micromanipulator (Siskiyou, Inc., OR, 

USA) attached to a magnetic base was used for fine positioning of the cellulose 

tubing. 

5.3.2 Making and Using the Crimping Tool 

A well-crafted tool for crimping the microdialysis tubing is essential for 

success (Muller-Reichert et al., 2007). The tip was cut off of a number 11 scalpel 

blade, leaving a blunt edge about 1 mm in width. Using a whetstone or grinding 

wheel, the tip was shaped to have a double bevel of about 45 degrees from each side 

(Figure 5-2(b-c)). The burr on the cutting edge was removed by a few strokes on a 

fine whetstone. It is important to avoid making the cutting edge too sharp or it will 

just cut the tubing and not crimp it. While cutting, tubing was always submerged in a 

fluid such as 20% bovine serum albumin (BSA, w/v) or 1-hexadecene to avoid rapid 

drying out of the specimen. We preferred to cut in a polypropylene plastic petri dish 
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due to its compliance, though other plastics may work as well. A simple rocking 

motion in the direction parallel to the cutting edge sufficed to cut and crimp the 

tubing. To test the crimping ability of the blades, microdialysis tubing was loaded 

with a dye such as toluidine blue and cut in 1-hexadecene. 
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Figure 5-2 Overview of micromanipulator and microaspiration setup, (a) The 

micromanipulator is at left (red arrow), and microinjector used for aspiration at 

right (red arrowhead). Flexible hydraulic tubing joins the Hamilton syringe of the 

injector to the micropipette holder attached to the manipulator. Inset depicts close-

up of the region in the red box, illustrating the cellulose tubing (white arrow) 

mounted to the glass capillary (white arrowhead) held by the micropipette holder of 

the microinjector. (b-c) Side (b) and top-down (c) views of the crimping tool 

fashioned from a scalpel blade, showing the 45° bevel at the tip. 
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5.3.3 Preparation of Samples 

5.3.3.1 Mouse Organoids 

The procedure to isolate and culture primary mouse mammary gland 

epithelial organoids in 3D has been described in detail previously (Simian et al, 

2001). Prior to design of the microaspirator we tried growing the organoids inside 

the cellulose tubes in order to best maintain the integrity of extracellular matrix 

material. We plated the mammary organoids in Matrigel in wells containing 

sterilized segments of the tubing. However, by growing the organoids inside the 

tubes, their number and density could not be easily adjusted, leading to sparsely 

populated tubes (data not shown). The resulting low density of organoids in tubes is 

not practical for labor intense, high-throughput optical pre-screening of the typically 

heterogeneous 3D cultures to select suitable candidates for subsequent 

ultrastructural analysis. Also, diffusion of high molecular weight components from 

the growth media, such as transferrin (ca. 80 kDa) and prolactin (ca. 24 kDa), is 

restricted to the open ends of the 1 mm length of tube, as the tubes have a molecular 

weight cut-off of 13-18 kDa. As a solution to this problem, a suspension of mouse 

mammary organoids grown in Matrigel was prepared for aspiration using the 

method described here. 

Organoids were grown for 10 days inside Matrigel (BD Biosciences, Bedford, 

MA, USA) in DMEM/F12 supplemented with insulin/transferrin/sodium selenite 

(Sigma), and penicillin/streptomycin (UCSF Cell Culture Facility, San Francisco, 

USA). Functional differentiation was induced by addition of the lactogenic hormones 
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prolactin (3 ug/mL; Sigma) and hydrocortisone (1 ug/mL; Sigma) to the cell culture 

media. The organoids in Matrigel were rinsed with 1 mL of cold PBS-EDTA with a 

protease inhibitor cocktail (Calbiochem, San Diego, CA, USA) and pipetted with a 

wide bore pipette to gently tease the Matrigel apart. The solution was transferred to 

a 15 mL conical tube on ice and shaken for 1.5 hours on ice at 4°C. The organoids 

were gently spun at 1000 rpm for 10 minutes at 4°C and then resuspended in PBS 

for microaspiration. 

5.3.3.2 Guinea Pig Outer Hair Cells 

Hartley albino guinea pigs were anesthetized by isofluorane and decapitated 

with a guillotine. The temporal bones were removed and the organ of Corti was 

exposed by dissection in Invitrogen Medium 199 containing Hanks' salts (Invitrogen 

Corp., CA, USA). Strips of the sensory epithelium were transferred using a 200 uL 

pipette and placed in a 35 mm MatTek dish (MatTek Corp, MA, USA); enzymatic 

digestion was avoided to preserve long strips of tissue. Strips containing OHCs were 

then identified by stereoscope and selected for further manipulation/handling using 

the microaspirator. 

5.3.4 Loading Specimens Into the Microdialysis Tubing 

Using the device in Figure 5-2, samples were selected under magnification 

from their original buffer, transferred to cryoprotectant if desired, and then re-

aspirated. Once the sample was positioned in the tube, the distal end of the tube was 

closed using the crimping tool. The proximal end was then cut free and crimped. The 

sample remained immersed in buffer or cryoprotectant at all stages. Typical time to 
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freezing from original buffer was 1-2 minutes, or if an exchange in cryoprotectant 

was required, 3-5 minutes. 

For a dialysis tube with an inner diameter of 200 um, a 1 mm long segment 

will enclose a volume of approximately 30-35 nL. With a displacement of 100 nL per 

full turn of the fine control knob, we found that a 100 |iL Hamilton syringe provided 

adequate precision for positioning of the sample within the tube. In spatial 

resolution, the Siskiyou MX110 micromanipulator gives a precision of 

approximately 10 um for each independent axis. This level of control proved 

invaluable for selecting and manipulating specific samples from dilute solutions, 

along with maximizing occupied space in the tubing during the crimping process. 

Sample exchanges from native buffer to cryoprotectant were also done on each 

individual sample using the device. This controlled the time of specimen exposure to 

the cryoprotectant, and also allowed for tracking of the sample prior to freezing. 

5.3.5 High-Pressure Freezing and Freeze Substitution (HPF/FS) 

Prior to freezing, the tubes were cut and crimped to 1.0-1.5 mm lengths so 

that they fit into the aluminum hats used as freezing platforms. A filler material was 

added to prevent trapped air around the specimen. It is also important that this 

filler serve as a cryoprotectant, providing good heat conduction and discouraging 

the formation of crystalline ice. Non-penetrating fillers with low osmotic activity, 

such as gelatin, BSA, and dextran, are recommended, but in some cases we have 

used 10% glycerol successfully, especially when working with aldehyde pre-fixed 

specimens. Glycerol has the advantage of serving as a cryoprotectant with lower 
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viscosity than BSA and dextran fillers, but it should be noted that possible artifacts 

associated with using glycerol are well documented (Gilkey & Staehelin, 1986). 

Aware of the pitfalls, we have used 10% glycerol as a filler in structural studies of 

cell junctions that have cytoskeletal attachments in prefixed biological material 

where potential extraction of cytoplasm and membrane artifacts are not detrimental 

to the object of interest. 

Specimens were aspirated into tubes in cryoprotectant made with either 

10% glycerol (v/v) or 20% BSA (w/v) in their original buffer. Tubes were placed in 

200 um deep aluminum hats, the remaining space in the hat was filled with 

cryoprotectant, and the specimens were cryo-immobilized using a BAL-TEC HPM-

010 high-pressure freezer (BAL-TEC, Inc., Carlsbad, CA). Samples were then freeze-

substituted in 1% osmium tetroxide and 0.1% uranyl acetate in acetone using a 

Leica AFS (Leica Microsystems, Vienna, Austria) following a previously described 

protocol (McDonald, 2007). In some samples, 1-2% water was added to enhance 

membrane contrast (Walther & Ziegler, 2002). Following freeze substitution, 

specimens were washed with several rinses of pure acetone before being infiltrated 

in either Durcupan ACM (Electron Microscopy Sciences, PA, USA) or an Epon-

Araldite mixture (McDonald & Muller-Reichert, 2002). The tubes were flat-

embedded between two slides using two layers of parafilm as a spacer (Muller-

Reichert et al., 2003). 
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5.3.6 Staining Tubes with Safranin-0 

Microdialysis tubing can be difficult to see during the infiltration and 

embedding solution changes. To prevent sample loss during specimen processing 

we experimented with cellulose binding dyes on cryo-immobilized and freeze-

substituted tubes. Histologic stains for cellulose are one way to visualize the 

transparent tubes, aiding in detection of the specimen during acetone dehydration 

and graded series of resin exchanges. The cationic stain safranin-0 appears brilliant 

red in the lignified cellulose of plant cell walls. Accordingly, we successfully 

employed safranin-0 (Gurr, 1971), staining the tubes bright red when added in trace 

amounts (a couple of grains per mL) during acetone rinses before resin embedding. 

In cases where the high-pressure freezing filler is cross-linked during freeze 

substitution, e.g. with dextran or BSA, it is not necessary to color the tubes because 

the entire contents of the freezing hat can be treated as one piece. 

5.3.7 high t Microscopy for Sample Processing 

For loading and manipulation of cellulose tubing prior to freezing, an 

Olympus SZX12 stereoscope was used (Olympus America, Inc., PA, USA) with epi-

and trans-illumination provided by a pair of Fostec 150W lamps (Olympus). Flat 

embedded specimens were also screened using the SZX12, which provided up to 

144x effective zoom. After orientation and mounting, 500 nm thick sections were 

cut and stained with toluidine blue. 
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5.3.8 Staining for Light Microscopy 

Immunofluorescence was performed on organoids isolated from Matrigel. 

Samples were fixed in 50:50 methanokacetone for 10 min at -20°C. Samples were 

blocked in PBS + 5% goat serum + 1:100 dilution of F(ab)2 (Jackson Lab, Bar 

Harbor, USA) for one hour. Samples were then incubated in a FITC-conjugated ZO-1 

antibody (Zymed, USA) that recognizes the tight junction protein ZO-1 at 1:100 

dilution overnight at 4°C. Samples were washed and stained for nuclei with Hoechst 

33258 and imaged using epifluorescence on a Zeiss Axiovert 200 inverted 

microscope (Carl Zeiss Microimaging, Inc., NY, USA). OHCs in tubes were fixed in 4% 

paraformaldehyde in PBS, permeabilized in 0.1% Triton X-100 in PBS, stained for 

actin with Alexa Fluor 555 phalloidin (Invitrogen), and subsequently imaged using a 

Zeiss LSM 410 confocal microscope (Zeiss). 

5.3.9 Transmission Electron Microscopy 

70-100 nm thin sections were collected on formvar coated slot grids and 

post-stained with 2% uranyl acetate in 70% methanol followed by either Reynold's 

or Sato's lead citrate (Sato, 1968). Sections were imaged on either an FEI Tecnai 12 

TEM (FEI, Eindhoven, Netherlands) on Kodak 4489 film or a Phillips CM200 TEM 

(FEI) with a Tietz TemCam-F214 CCD camera (TVIPS GmbH, Gauting, Germany). 

Images were processed using ImageJ (Abramoff etal, 2004). 

5.3.10 Electron Tomography 

Tilt series of 150 nm sections were collected at 1° increments through a 

range of +/- 70° using EMMENU 3.0 software (TVIPS) on a Phillips CM200 TEM 
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(FEI) equipped with a Fischione Advanced Tomography Holder (E. A. Fischione 

Instruments, Inc., PA, USA) and a Tietz TEMCam-F214 CCD camera (TVIPS). Series 

were aligned with 5 nm gold fiducials and reconstructed using the IMOD software 

package (Kremer et al, 1996). Post-processing and segmentation of the resulting 

volume density maps was done using a combination of IMOD and the UCSF Chimera 

package (Pettersen etal, 2004). 

5.4 Results and Discussion 

5.4.1 Mammary Epithelial 3D Cultures 

Primary cultures of mouse mammary epithelial cells or organoids retain 

their tissue-specific functions when grown in laminin-rich extracellular matrix 

(IrECM) gel. Here we grew mouse mammary organoids in Matrigel, a lamirtin-rich 

basement membrane gel produced by the Engelbreth-Holm-Swarm murine tumor 

(Kleinman et al, 1986). These 3D cultures retain the functional features of the 

mouse mammary gland in vivo and even synthesize milk proteins when induced by 

addition of lactogenic hormones (Barcellos-Hoff et al., 1989, Aggeler et al., 1991). 

Figure 5-3(a-b) shows mouse organoids visualized before cryofixation with phase 

contrast optical microscopy (Figure 5-3a) and indirect visualization of ZO-1 using 

fluorescence (Figure 5-3b). Figure 5-3(c-d) shows low and high magnification views 

of mouse organoids embedded in Epon-Araldite resin in the cellulose tubing prior to 

sectioning and transmission electron microscopy. 
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Figure 5-3 Microaspiration of mouse organoids isolated from Matrigel 3D cultures, 

[a) Phase contrast optical microscopy of mouse organoids grown in Matrigel. (b) 

Fluorescence imaging of immunostaining for ZO-1 (green) and nuclear Hoechst 

33258 (blue) in mouse organoids, (c) Resin embedded organoids in crimped tube, 

and (d) close up of organoids in tube. Scale bars: (a) 10 urn; (b) 25 um; (c) 200 um; 

and (d) 50 urn. 
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Upon high-pressure freezing and freeze substitution (HPF/FS) the mouse 

mammary organoids show excellent preservation, as can be seen in Figure 5-4. The 

organoids are composed of an outer layer of myoepithelial cells (Figure 5-4b: MyEp) 

and an inner layer of epithelial cells that enclose a lumen (Figure 5-4b: LuEp). 

Secretory activity is manifest by numerous secretory granules - presumably vesicles 

with milk proteins - along with lipid inclusions that are round, smooth, free of 

obvious ice crystal formation, and devoid of infiltration artifacts (Figure 5-4c). 

Notably, the materials secreted into the lumen are not aggregated, but instead 

appear as a homogeneous distribution of density as expected for well-preserved 

specimens. Tight junctions seal the lumen, shown in Figure 5-4d. As previously 

documented by ultrastructural evaluation of 3D cultured mammary epithelia by 

conventional means, the nuclear profile is irregular with numerous cytoplasmic 

invaginations (Barcellos-Hoff et al., 1989, Underwood et al, 2006). The nuclear 

architecture is well preserved, clearly showing nucleoli and nuclear pores, and 

discrimination of densely stained heterochromatin from less dense DNA is possible 

(Figure 5-4e,e). Tissue-specific differentiation of the organoids is evident in the 

increase of well-developed rough endoplasmic reticulum corresponding to the 

lactogenic hormone-induced production of milk protein and fatty acids (Figure 

5-4fJ. 

It is now widely appreciated that simulation of the physiological 3D 

microenvironment in cell cultures is essential to the maintenance of cellular 

function and meaningful conclusions from in vitro model systems. This requirement 

has been shown extensively in the study of both rodent and human cell lines that 
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model many aspects of the mammary gland and breast cancer (Bissell et al, 2005). 

As illustrated here, when evaluating phenotypically crucial features of 3D cell 

cultures such as epithelial microvilli formation and cell junction architecture, 

ultrastructure remains a critical tool not currently replaceable by optical methods. 

As evident from the electron micrographs, this preparation protocol and 

subsequent cryo-immobilization does not disrupt the acinar architecture of the 

organoids (Figure 5-4(a-b)). Even the intrinsic basal lamina that is secreted by the 

organoid upon cultivation in IrECM is intact and attached by hemidesmosomes to 

the isolated organoid (Figure 5-4b). We propose this method of microaspiration 

prior to cryo-immobilization as one step towards high-throughput ultrastructural 

evaluation of organoids. In fact, this method is practical for handling any type of 

isolated 3D cultures that are fragile and difficult to detect by eye during processing. 



114 

Figure 5-4 Ultrastructural evaluation of mouse mammary organoid grown in 3D 

Matrigel cultures, (a) Overview of the organoid and close up in (b) showing the two 

cell types: the luminal epithelial (LuEp) cells embraced by myoepithelial cells 
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(MyEp). Lumen is annotated Lu. Arrowhead indicates basement membrane, (c) 

Vesicles and lipid inclusions (V) are round and well preserved in cryofixed 

organoids. Nuclear (N) morphology is well preserved and in this view two nucleoli 

are shown (Nu). (d) Tight junctions (arrowhead] form a seal around the lumen (Lu). 

Also shown is an adjacent adherens junction (arrow). Microvilli are depicted (Mv). 

Mitochondria (asterisk) and intracellular vesicles are well preserved, (e-f) 

Concomitant with induced milk protein expression in hormone induced 3D cultures 

of organoids, the rough endoplasmatic reticulum is prominent (arrowheads). Scale 

bars: (a) 10 urn; (b) 2 um; (c,e-f) 1 urn; (d) 500 nm. 
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5.4.2 Outer Hair Cells 

For this material the use of microdialysis tubing and the micromanipulator 

alleviated several barriers during sample preparation which had proved intractable 

by other methods. The objective was faithful preservation of the OHC lateral wall by 

HPF/FS, which includes both internal membrane and cytoskeletal components 

within 50 nm of the lateral plasma membrane. Because of the inevitable variability 

in cell health within the dissected epithelium and osmotic sensitivity of the OHCs, it 

was necessary to test large populations of OHCs under a variety of conditions. The 

ability to observe and evaluate each sample from the dissecting dish, through the 

freezing and substitution process, and during flat embedment for orientation, 

allowed the efficient screening of large numbers of OHCs in each experiment to 

select the best preserved cells for subsequent ultrastructural and electron 

tomographic analysis. OHCs are under turgor pressure and exquisitely sensitive to 

changes in osmolarity (Chertoff & Brownell, 1994). When using a 10% (v/v) 

solution of glycerol in buffer as a cryo-protectant, the effective osmolarity of the 

solution often resulted in the collapse of the extracisternal space (ECS) lying 

between the plasma membrane and the closely approximated lamellae, known as 

the subsurface cisternae (data not shown). Using the microaspirator, we were able 

to systematically screen a variety of cryo-protectants; Figure 5-5 shows results 

obtained using 20% BSA (w/v), which has much lower effective osmolarity than 

glycerol. The cytoplasm of the OHC ECS is intact rather than collapsed, and its 

associated cytoskeletal components are well preserved. 
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Figure 5-5 Multiscale imaging of OHCs. (a) Low magnification overview of organ of 

Corti strip containing OHCs in tube after HPF/FS and flat embedding, (b) An optical 

section from an LSM confocal stack shows three intact rows of OHCs using 

AlexaFluor555-phalloidin to stain actin. (c) A TEM image of an axial cross-section 
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from the middle of an OHC; arrowheads indicate mitochondria. The orientation of 

the section is indicated by the dashed line in the inset cartoon of the cylindrical OHC 

at top right, with apical hair bundle (HB) and nucleus (N) depicted. Dark staining 

outside the cell is the BSA used as filler and cryo-protectant; the nucleus is at the 

basal pole of this cell, and thus not seen in this micrograph, (d-f) Tomography of the 

region indicated by the box in (c). In the projection image (d) and selected mid-

tomogram slice (e), the adjacent cell has been masked out in gray for clarity. 

Arrowheads in (e) indicate individual ribosomes; internal membranes are clearly 

visible along with cytoskeletal detail. In (f), the plasma membrane (PM, red) and 

first two cisterns of SSC (blue and yellow] are rendered on top of a single slice from 

the tomogram, showing the curvature and continuity of the SSC in relation to the 

PM. Scale bars: (a) 200 urn; (b) 50 urn; (c) 2 urn; (d-f) 100 nm. 
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The lack of internal membrane contrast frequently observed in freeze-

substituted samples was also a problem with the subsurface cisternae (SSC). 

Variation of the freeze substitution medium such as the addition of water (Walther 

& Ziegler, 2002) resulted in improved SSC contrast compared to the standard 

medium; we found that 2% water gave sufficient contrast for our studies. The 

tomography results shown in panels d-f of Figure 5-5 illustrate the ultrastructural 

preservation that we were able to achieve by varying cryo-protectant and freeze-

substitution parameters. To our knowledge, this is the first successful preservation 

of the main features of the OHC lateral wall (SSC and the cytoskeletal components of 

the ECS) by high-pressure freezing and freeze substitution. 

5.4.3 Application ofMicroaspiration and Microdialysis Tubing in 
Correlative Light and Electron Microscopy Studies 

An exciting prospect in modern microscopy is the ability to correlate results 

from light microscopy and TEM on the same high-pressure frozen specimen (Biel et 

al, 2003, Pelletier et al, 2006, Muller-Reichert et al., 2007). The ability to preserve 

both recombinant and synthetic fluorophores through high-pressure freezing, 

freeze substitution, and resin embedment (Luby-Phelps etal, 2003, Biel et al., 2003, 

Hardie et al, 2004, Krisp et al, 2006) along with development of photo-conversion 

techniques (Gaietta etal, 2002, Grabenbauer etal, 2005) broadens this potential to 

augment pre-existing live cell fluorescence studies with direct ultrastructural 

correlation. Further extension from 2D to 3D data is available through the use of 

confocal LM at sub-micrometer resolution, and TEM tomography at nanometer 

resolution (Frey etal, 2006). Microaspiration into cellulose dialysis tubing provides 
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a unique route to facilitate tracking of specific samples among different imaging 

modalities. To illustrate this potential, the panel in Figure 5-5 proceeds through a 

series of images in progressively smaller scale, from a low-magnification 2D 

overview of an entire embedded tube containing an OHC strip at approximately 10 

um resolution to a 3D electron tomogram of the OHC lateral wall that based on 

objective criteria (Cardone et ah, 2005) displays a resolution of 3-4 nm (Triffo et al., 

manuscript in preparation). For many samples, this method will provide a reliable 

route to bridging this resolution gap under controlled, identical specimen treatment. 

5.4.4 Other Useful Applications and Advantages 

Another important feature of the dialysis tubing is its permeability to low 

molecular weight solutes, which allowed us to carry out all steps "in-tube" for the 

fluorescence labeling sequence that led to the confocal image of Figure 5-5b, from 

Triton X-100 permeabilization to labeling with AlexaFluor555-phalloidin. The 

permeability of the dialysis tubing should also allow "in-tube physiology" studies, 

where pharmacologic stimuli meeting this size requirement could be applied and be 

effective on the specimen up until the commencement of freezing. This would be a 

particularly interesting application for transient stimuli whose effects may be subtle 

in magnitude and begin to dissipate immediately upon removal. As an example 

application which we are pursuing, acetylcholine, a neurotransmitter that 

modulates OHC motility and is believed in part to affect cytoskeletal remodeling 

[Frolenkov, 2006), can be applied just prior to freezing, allowing ultrastructural 

analysis without aldehyde fixation. Such studies would be difficult to carry out for 
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unprotected samples, as trauma during mechanical handling may cause artifacts 

that would confound the effects of the pharmacological agent. 

Because this aspiration approach permits the use of dilute specimens, we 

were able to avoid procedures such as high-speed centrifugation into a dense 

solution or pellet which was undesirable for our samples. Along with providing 

protection for the sample, the tubing increased the effective size of the specimens, 

making it easier to track the specimen during processing. This also resulted in 

minimal material loss when considering all steps in the process, from initial 

selection prior to freezing up through flat embedding in resin. 

5.4.5 Summary 

The improved resolution and insight provided by electron tomographic 3D 

reconstruction of cells and tissues and its correlation to optical studies, combined 

with cryo-immobilization during sample preparation, provides an added dimension 

to cellular electron microscopy (Frey et al., 2006). As cell biologists delve deeper 

into the molecular processes driving life by both identifying the individual players 

and their relational networks, the ability to correlate fluorescence microscopy and 

ultrastructural in-situ 3D analysis of molecular machines at molecular resolution 

will become increasingly important. We believe that our microaspiration approach 

can contribute to this important goal. 
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Chapter 6: SSC Substructure and Cytoskeletal 
Membrane Connectivity Revealed by Electron 

Tomography 

6.1 Introduction 

The sensitivity and frequency selectivity of mammalian hearing depend upon 

the electromechanical activity of cochlear outer hair cells (OHCs) (Ashmore, 2008, 

Dallos et al, 2008). OHCs change cell length under electrical stimulus (Brownell et 

al, 1985, Kachar et al, 1986), providing a cellular basis for the active mechanical 

modulation of sound-induced cochlear vibrations that underlies the cochlear 

amplifier (Davis, 1983). OHC electromotility is elicited by changes in the 

transmembrane potential, with hyperpolarization causing cell elongation, and 

depolarization causing cell shortening (Santos-Sacchi & Dilger, 1988, Ashmore, 

1987). Electromechanical transduction has been localized to the lateral wall of the 

OHC (Dallos etal, 1991, Holley & Ashmore, 1988), and several studies conclude the 

motile mechanism lies in the basolateral plasma membrane (Hallworth et al., 1993, 

Huang & Santos-Sacchi, 1994, Kalinec et al., 1992). Proposed mechanisms and 

models of OHC electromotility have been recently reviewed (Ashmore, 2008, He et 

al., 2006, Spector et al., 2006). Membrane-based models of electromotility depend 

on in-plane area changes, fluctuations in membrane curvature, or a combination of 

both, along with transmission of the resultant membrane deformations to the cell 

cytoskeleton to produce whole-cell shape changes. 
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A full understanding of electromotility requires an accurate 3D depiction of 

the arrangement of the molecular machines present within the OHC lateral wall. 

This is essential for understanding how the micromechanical architecture gives rise 

to the passive mechanics of the OHC, and we may also be able to assess whether 

force transmission by prestin is likely to be sufficient to deform the OHC lateral wall. 

To address this problem, we chose to employ high-pressure freezing / freeze 

substitution to guarantee high fidelity sample preservation, along with electron 

tomography for 3D imaging of the OHC lateral wall. 

Our research has revealed two major new findings. First, both the SSC 

membrane and its lumenal material are composed of an intricate and apparently 

novel structure. Second, the actin filaments of the cortical lattice are connected to 

the adjacent SSC membranes by a previously unresolved linkage. Together, these 

two observations reveal the SSC to be a structurally rich organelle and confirm 

mechanical continuity between the PM and SSC. These findings impact our current 

understanding of OHC electromotility, suggesting there may be more to the 

mechanism than prestin alone and imposing new requirements on plasma 

membrane-based mechanisms of electromotility. 

6.2 Materials and Methods 

6.2.1 Preparation of Samples 

6.2.1.1 High-Pressure Freezing ofOHCs 

Hartley albino guinea pigs were anesthetized by isofluorane and decapitated 

with a guillotine. The temporal bones were removed and the organ of Corti was 
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exposed by dissection in Invitrogen Medium 199 containing Hanks' salts (Invitrogen 

Corp., CA, USA). Strips of the sensory epithelium were transferred using a 200 uL 

pipette and placed in a 35 mm MatTek dish (MatTek Corp, MA, USA); enzymatic 

digestion was avoided to preserve long strips of tissue. In brief, long strips 

containing OHCs were then identified by stereoscope and selected for further 

manipulation/handling using a microaspirator connected to 200 um inner diameter 

Spectrapor dialysis tubing with a MW cutoff of 13-18kDa (Spectrum Labs, CA, USA). 

Using the microaspirator, samples were transferred to 10% glycerol (v/v), 20% 

dextran (w/v), or 20% BSA (w/v) as filler material and drawn back into the dialysis 

tubing. The tubing was then crimped to enclose the sample, transferred to either a 

150 or 200 um deep aluminum hat, the remaining space in the hat was filled with 

the same filler material, and the sample was cryoimmobilized using a BAL-TEC 

HPM-010 high-pressure freezer (BAL-TEC, Inc., Carlsbad, CA). Details of this 

procedure and the apparatus used are found in (Triffo et al, 2008). 

6.2.1.2 Freeze Substitution 

Samples were freeze-substituted in 1% osmium tetroxide and 0.1% uranyl 

acetate in acetone using a Leica AFS (Leica Microsystems, Vienna, Austria) following 

a previously described protocol (McDonald, 2007). In some samples, 1-2% water 

was added to enhance membrane contrast (Walther & Ziegler, 2002). Following 

freeze substitution, specimens were washed with several rinses of pure acetone 

before being infiltrated in either an Epon-Araldite mixture (McDonald & Muller-

Reichert, 2002) or Durcupan ACM (Electron Microscopy Sciences, PA, USA). The 
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tubes were flat-embedded between two slides using two layers of parafilm as a 

spacer (Muller-Reichert etal, 2003). 

6.2.1.3 Section Preparation 

Flat-embedded tubes were screened, mounted on blank epoxy blocks for 

sectioning, and their orientation for sectioning recorded using an Olympus SZX12 

stereoscope (Olympus America, Inc., PA, USA) with epi- and trans-illumination 

provided by a pair of Fostec 150W lamps (Olympus). 150 nm sections were 

collected on formvar coated slot grids using a Reichert Ultracut E ultramicrotome. 

Sections were post-stained using a sequence of either 2% uranyl acetate in 70% 

methanol followed by Sato's lead citrate (Sato, 1968), or 2% KMn04 followed by a 

PALS bleach step and Sato's lead citrate. 5 or 10 nm gold fiducials were added to 

both sides by floating on a drop of colloidal gold (British BioCell International, 

Cardiff, UK) following pre-treatment of each side with 0.001% (w/v) poly-L-lysine 

in double-distilled water. 

6.2.2 Electron Tomography 

All data presented represent dual-axis tilt series taken by rotation about 

orthogonal axes. Tilt series of 150 nm sections were collected at 1° increments 

through a range of +/- 70° using EMMENU 3.0 software (TVIPS GmbH, Gauting, 

Germany) on a Phillips CM200 TEM (FEI, Eindhoven, Netherlands) equipped with a 

Fischione Advanced Tomography Holder (E. A. Fischione Instruments, Inc., PA, USA) 

and a Tietz TEMCam-F214 2k x 2k CCD camera (TVIPS), or using SerialEM 

(Mastronarde, 2005) on a JEOL JEM-2100F (JEOL Ltd., Tokyo, Japan) equipped with 
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a Tietz TEMCam-F415 4k x 4k CCD (TVIPS). Images were collected with an ~8 

Angstrom pixel size at 1 - 1.5 um defocus to preserve ~20 Angstrom information in 

the raw data, as evidenced by Thon ring position in resulting micrograph power 

spectra. Series were aligned with 5 or 10 nm gold fiducials and reconstructed using 

weighted back-projection with the IMOD software package (Kremer et ah, 1996]. 

Post-processing and segmentation of the resulting volume density maps was done 

using a combination of IMOD and the UCSF Chimera package (Pettersen et al, 2004, 

Goddard eta/., 2007). 

6.3 Results 

6.3.1 Advantages of High Pressure Freezing / Freeze Substitution and 
Electron Tomography 

Multiple preparation protocols were evaluated using both dissected organ of 

Corti along with decalcified intact cochleae. These included conventional 

preparation protocols using paraformaldehyde / glutaraldehyde followed by 

osmium containing potassium ferricyanide, progressive lowering of temperature 

(PLT) dehydration prior to resin embedding, and high-pressure freezing (HPF) and 

freeze-substitution (FS). All data presented here are derived from HPF/FS applied to 

rapidly dissected strips of guinea pig OHCs as outlined above, which displayed the 

least extraction and best preservation of cytosolic features as judged by cytoskeletal 

and SSC detail. In total, 23 dual-axis tomograms of the OHC lateral wall were 

recorded and analyzed. 

Figure 6-1 illustrates two regions in different orientations that were selected 

for tilt-series acquisition; the top row is from an axial cut through an OHC, while the 
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bottom row is from an oblique angle closer to a longitudinal section. The top sample 

was prepared with 20% BSA as a filler during HPF (appearing as dark contrast 

outside the cell); the bottom sample was prepared using 20% dextran as filler. 

Dextran was optically transparent after embedding, allowing for easier sample 

preparation and orientation; however, these samples are more difficult to section. 

Samples using 10% glycerol as filler yielded optical transparency along with good 

sectioning properties, but in the case of guinea pig OHCs, the osmotic load resulted 

in the collapse of the cells. During isolation of OHC strips for HPF, OHCs often come 

into close proximity with each other; this often allowed data acquisition from 

regions where two cells' worth of lateral wall could be imaged in the same 

tomogram to maximize the area surveyed. 

The unique advantage of applying electron tomography over conventional 2D 

projection TEM imaging to the study of OHC lateral wall components is 

demonstrated by comparison of projection (Figure 6-lb, e) and extracted z-planes 

from the resulting tomograms (Figure 6-lc, f), revealing the improved resolution in 

the z-direction of the reconstructions. In Figure 6-lc, internal membranes that 

delineate the boundaries of each SSC cistern are sharply defined, allowing precise 

mapping of changes in curvature and continuity in the outermost cistern. In Figure 

6-lf, circumferential actin filaments that are nearly parallel to the z-plane are 

clearly visible just beneath the plasma membrane and are marked with arrowheads; 

these filaments are totally obscured in the projection image (Figure 6-le). This 

illustrates the advantage of electron tomography compared to projection TEM, along 
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with the challenges of image analysis in a crowded, non-extracted cellular 

environment. 
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Figure 6-1 Comparison of projection images and z-planes from OHC lateral wall 

tomograms. (a,d) low magnification overviews. Inset depicts orientation of plane of 

sectioning - (a), axial; (d), closer to longitudinal. (b,e) projection images from region 

indicated in black boxes of (a,d)- (c,f) mid-volume z-planes from the resulting 

tomograms. Arrowheads in (f) indicate individual actin filaments in the cortical 

lattice. MT, microtubules. Scalebars = 100 nm. 
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6.3.2 Structure of the SSC 

In projection, individual subsurface cisterns appear as 3-layer "sandwiches" 

consisting of two boundary membranes plus a band of lumenal material (LM), seen 

in Figure 6-2. The LM occupies a third of the lumen volume and lies in a plane down 

the middle of each cistern, equidistant from the outer and inner cisternal 

membranes. This observation was consistent across multiple samples from several 

freezing sessions while varying HPF filler material (20% BSA, 20% Dextran, w/v) 

and freeze-substitution protocols. When arranged in stacks, a sequence of thick and 

thin bands is observed, corresponding to SSC membrane and LM, respectively 

(Figure 6-2a). 

Z-sections from a tomogram of this stack (Figure 6-2b,c) reveal density 

between adjacent cisternae. Within this region, discrete connections are seen 

connecting the membranes of neighboring cisternae. In each lumen, the LM appears 

as a combination of both continuous density and discrete punctae. The individual 

SSC membranes are of uniform density and appear at least as thick as the plasma 

membrane (Figure 6-lc]. 



Figure 6-2 Lateral view of SSC structure, (a) Close-up projection view of lateral wall 

in longitudinal section. Small arrows indicate membranes of SSC cistern; push-pin 

annotation denotes lumenal material (LM). (b), 4nm averaged z-plane from 

tomogram of (a); (c), close-up of two cisterns from red dotted-line box in (b), 

showing punctate cross-section of LM, occasional contacts between LM and adjacent 

SSC membrane, and cistern-cistern connections. Scalebar in (a,b) = 100 nm, (c) = 50 

nm. 
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A quasi-periodic variation in density is seen within the surface of each SSC 

membrane, interrupted by sporadic defects in the surface (Figure 6-3d, Figure 6-4a). 

No similar pattern is observed in the plasma membrane. The SSC membrane density 

exhibits a "honeycomb" pattern, with the density arranged along the edges of a 

hexagonal grid. Considering the local organization to be a hexagonal lattice and 

measuring along the edges of the resulting equilateral triangles, the average spacing 

between unit cells is 19.2 +/- 1.9 nm (n = 137). Due to feature size, even gentle 

curvature of the SSC membrane surface prevents capturing large stretches (~ 100 

nm) of the pattern within a single interpolated plane. Thus, surfaces that were 

modeled using plane-by-plane contours were used to extract volume regions 

enclosing each SSC membrane for volume rendering. This sequence, along with an 

en-face rendering of the SSC membrane pattern, is illustrated in Figure 6-3. 

When viewed en-face, individual disk-like punctae, approximately 10 nm in 

diameter, are seen within the LM. The disks are arranged in a hexagonal pattern 

with a spacing of 19.1 +/- 2.1 nm (n = 64). The LM is most commonly organized in 

filament-like parallel rows (Figure 6-4) and at highest density, as confluent sheets of 

material. The row pattern also has a quasi-hexagonal appearance, with rows of 

density aligning with the lattice direction of the adjacent SSC pattern (Figure 

6-3d,e). Interdigitating groups of the hexagonally patterned LM disks associated 

with opposing membranes in an SSC cistern appear to give rise to these continuous 

bands of density (Figure 6-4i). In a hexagonal lattice, the orthogonal distance d 

between lattice lines is related to the lattice spacing a by the relationship d = a * 

cos(30°); for a = 19.1 +/- 2.1 nm, d = 16.5 +/" 1-8 nm. When organized as rows, the 



134 

orthogonal distance between adjacent rows is measured to be 16.8 +/-1.3 nm (n = 

61), in agreement with the expected value calculated from the lattice spacing of the 

individual LM disks. The LM makes contact with its adjacent SSC membranes 

(Figure 6-2b,c), linking together the two membranes of an individual cistern. 
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Figure 6-3 Volume rendering and en-face view of SSC membrane pattern and 

lumenal material (LM). (a) Volume rendering of tomogram slab with two 

membranes delineating an SSC cistern rendered as purple surfaces, (b) two cistern 

density maps extracted from (a) using such surfaces; membrane density is rendered 

in purple, with LM rendered in gold. (c,d) Separation of membrane and LM along 

with 90 degree rotation along the y-axis to yield en-face views of the membrane and 

LM, revealing local hexagonal membrane pattern and patch-like linear organization 

of LM material, (e) close-up of two regions from (d) indicated by dotted-line boxes. 
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Linear organization of LM, indicated by dotted-line annotation, can also be seen in 

regions of the volume rendering. The directionality of the LM organization appears 

to coincide with the lattice lines of the honeycomb pattern in the adjacent SSC 

membranes. Scale bar in (d) = 100 nm, (e) = 50 nm. 
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Figure 6-4 Interpolated planes through the SSC lumenal material and comparison 

to local SSC membrane pattern. Images are organized in vertical pairs, with 

annotation of density superimposed on top of identical bottom image. Diagram at 

far right indicates location of each pair with respect to cistern. (a,e) SSC membrane 

honeycomb pattern for reference, (b/f, c/g, d/h) LM is shown to be discrete disks 

(b/f) that are most commonly seen arranged as continuous bands or filaments (c/g, 

d/h). (i) Cartoon illustrating how interdigitation of 2 groups of hexagonally 

arranged disks (red and blue) associated with opposing SSC membranes would give 

rise to continuous bands of density along lattice lines. Because of the underlying 

hexagonal organization, the distance between these bands would be related to the 

hexagonal lattice spacing by cos(30°). Scalebar (h) = 25 nm. 

i 
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6.3.3 Morphology of the SSC and Plasma Membrane 

In our isolated guinea pig OHCs the outermost layer of the SSC is largely 

continuous rather than fenestrated, as observed by others under conventional 

preparation methods (Dieler et al.# 1991, Slepecky & Ligotti, 1992, Furness & 

Hackney, 1990). The width of each cistern is constant, with a distance measured 

between the center of each membrane of 28-30 nm. When in layers, the individual 

cisternae are close together but do not touch, leaving a gap typically less than 20 

nm. The dextran and BSA fillers used to prevent ice formation during the freezing 

process contributed ~50 mOsm to the dissecting media, which may explain the 

undulating appearance of the plasma membrane. Interestingly, the SSC consistently 

maintains a smooth appearance despite these variations in plasma membrane 

curvature. This is illustrated in Figure 6-5a, where the extracted surfaces 

representing the outermost SSC layer and PM are rendered with PM in light blue, 

and the SSC membranes in magenta. Occasional discontinuities, or fenestrae, are 

seen in the outermost SSC layer (data not shown). These discontinuities are not 

contained within the thickness of one section, but their boundary indicates a 

circular, local gap as opposed to a breach around the entire circumference of the 

cistern. 

6.3.4 SSC is Physically Connected to the Plasma Membrane 

Individual paths of circumferential actin filaments were segmented out and 

rendered as 8 nm wide cylinders (Figure 6-5). The filaments appear in the same 

"domain" pattern observed previously by others (Holley et al., 1992, Wada et al., 
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2004), with patches of several filaments running parallel to each other. Connections 

between the actin filaments and the PM are also evident, and likely correspond to 

the "pillar" protein described by others (Figure 6-6). Pillar width did not exceed the 

width of the actin filaments, and pillars were commonly less than half as wide as 

adjacent actin, with regions of individual pillars frequently as thin as 3-4 nm. Of all 

the components of the lateral wall - PM, cortical lattice, and SSC - these pillar 

connections between PM and actin exhibited the highest variability in morphology. 

When compared to the adjacent SSC and plasma membranes, the actin filaments 

maintain a consistent spacing from the SSC membrane as opposed to the undulating 

plasma membrane (Figure 6-5). Slice planes through multiple tomographic volumes 

reveal discrete connections between the actin and SSC membrane, which we refer to 

as actin-SSC links (Figure 6-6). There is no previous report of an actin-SSC linkage, 

and their existence establishes mechanical coupling between the actin and 

outermost SSC. Combined with the pillar connections between the PM and actin, the 

actin-SSC links complete the physical connection between PM and SSC. 



Figure 6-5 3D relationships of PM, actin, and SSC. Model of single SSC cistern, actin, 

and PM (a) rotated 45° (b) and 90° (c) about the y-axis. PM in blue / translucent 

blue; SSC membranes in red, and actin rendered as 8 nm diameter gold filaments. 

Scalebar = 100 nm. 
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Figure 6-6 Slice planes and model renderings from tomograms at orientations 

capturing actin-membrane links. In the top three rows, six separate actin filaments 

are depicted; each image has an identical copy to its right with overlay in the 

following colors: red = SSC membrane; blue = PM; orange = actin; green = pillar; 

yellow = actin-SSC link. In the bottom row, renderings of 3D models corresponding 

to the filament complexes in the third row are oriented to illustrate the distribution 

of actin-membrane links not apparent in single 2D slice views. Scalebar = 50 nm. 
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6.4 Discussion 

6.4.1 SSC membrane and Lumen Substructure 

The hexagonal structure within the membranes of the SSC displays a level of 

organization not typically associated with the membranes of similar organelles (ER, 

SER, SR, Golgi apparatus). To our knowledge, this pattern has not been previously 

described in the SSC membrane, although there is a report that rosette-shaped 

particles are associated with the lumenal surface of the SSC membrane (Kakehata et 

al., 2000). However, the pattern we observe is a connected, honeycomb-like 

structure within the SSC membrane, rather than a field of discrete rosette particles. 

In comparison to the nearby plasma membrane, the repeat length of 19.2 nm is 

different than the 10-11 nm particle size attributed to the densely packed 

intramembranous particles observed in the PM (Kalinec et al., 1992, Forge, 1991, 

Santos-Sacchi et al., 1998). In our samples, we applied the same en-face 

visualization to the PM density, but could not detect discrete particles or similar 

patterns within the PM. 

With regards to the composition of the honeycomb lattice within the SSC 

membrane, generally protein molecules that do not extend from the membrane 

cannot be differentiated from the lipid components of membranes preserved by FS 

when analyzing the stain density within a tomogram. However, the SSC membrane 

pattern was most prominent under FS conditions containing pure acetone, known to 

deemphasize membrane contrast, presumably by destabilization of phospholipid 

head groups (Buser & Walther, 2008). This suggests that the honeycomb density we 
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observed could correlate to an underlying protein scaffold supporting the structure 

of the membrane. 

Knowledge of molecular constituents of the SSC is sparse. In ascribing 

function to the SSC, correlates have been drawn to similar structures in other motile 

cells, such as the sarcoplasmic cisternae of striated muscle fibers, with the postulate 

that the SSC may serve as a calcium store (Frolenkov, 2006, Frolenkov et al, 2001). 

In this vein, Ca-ATPase has been localized to the lateral wall by 

immunohistochemistry (Schulte, 1993), and immunogold labeling has provided 

evidence for the localization of ryanodine receptor (ryR) to the SSC membrane 

[Grant et al., 2006). However, the known dimensions of ryR, with a cytosolic domain 

24-25 nm wide (Serysheva et al., 2005) are not in agreement with the 19.2 nm 

repeat we show to be the dominant component of the SSC membrane. Further, ryR 

has four-fold symmetry (Serysheva et al., 2005), which is not compatible with a 

hexagonal lattice. Thus, the SSC membrane pattern we observe cannot be composed 

of ryanodine receptors. 

The lumenal material is intriguing; we are not aware of other examples of 

intracellular compartments with such regularly arranged structure in the lumen. 

This regularity is present in several ways: its location precisely along the mid-plane 

of the lumen, the hexagonal arrangement of discrete punctae, and its organization 

into parallel, equidistantly spaced rows. Because the lumenal material is connected 

to its opposing membranes, an individual SSC cistern must be treated as a composite 

sandwich consisting of its two bounding membranes and lumenal material. From a 

structural perspective, the SSC appears more akin to a truss bridge than the "floppy 
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sack" that may be inferred from previous TEM studies that at times have revealed 

less uniform, empty cisterns likely due to fixation and dehydration artifacts of 

conventional sample preservation methods. 

6.4.2 Potential Role of the SSC 

At a minimum, the substructure visualized in the SSC could explain a cistern's 

ability to maintain the spatial tolerances required of 9-10 micron diameter 

concentric cylinders of membranes spaced 20-30 nm apart and running the length 

of the OHC, spanning distances that can exceed 50 microns. Might the SSC 

participate directly in the electromechanical force transduction process currently 

attributed to the PM? Considering the structural findings alone, one might posit that 

the SSC is a likely candidate for an active mechanical function. The plasma 

membrane protein prestin is required for electromotility and its absence has direct 

effects on the cochlear amplifier (Dallos et al., 2008, Cheatham etal, 2004, Liberman 

et al., 2002), in addition to being responsible for the characteristic non-linear 

capacitance that is a hallmark of electromotility (Zheng et al., 2000). While there is 

indisputable evidence of prestin's necessity for OHC motility, there is no direct 

evidence that prestin itself generates sufficient motive force to drive deformation of 

the entire OHC. Tightly packed intramembranous particles in the PM (Santos-Sacchi 

et al., 1998, Kalinec et al., 1992, Forge, 1991) show an increase in density that 

correlates with the onset of electromotility in development (Souter et al, 1995); 

however, the degree of order in their packing remains controversial (Forge, 1991, 

Souter et al., 1995). The SSC, on the other hand, shows a hexagonal honeycomb 
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pattern within its membranes joined together by a similarly patterned lumenal 

matrix, the most regular appearing structure within the lateral wall. 

In entertaining such a hypothesis, it is important to consider compatibility 

with one of the prime physiologic requirements of the OHC motor - its seemingly 

direct coupling of electrical potential to deformation. Because a single SSC is an 

enclosed compartment, changing the electrical environment outside the cistern 

would result in a potential difference across both inner and outer membranes due to 

the electrically isolated lumen. Along this line of reasoning, it is interesting to note 

that the degree of SSC fenestration is higher in high-frequency OHCs at the base of 

the cochlea (Furness & Hackney, 1990), where the effects of the cochlear amplifier 

are most dominant. Such fenestration would guarantee that both inner and outer 

SSC membranes of a single cistern, which have symmetric membrane patterns, see 

the same cytosolic electrical environment. This would ensure that each cisternal 

pair of SSC membranes experience the same transmembrane potential with respect 

to their cistern lumen, resulting in symmetric stimulation of a potential SSC motor 

mechanism. 

6.4.3 Implications for OHC Mechanics and Motility 

Current models of OHC electromotility posit that a plasma membrane-

resident motor generates the force required for cell length changes, either through 

an area-change (Dallos et al, 1993, Iwasa, 1994) or bending model (Raphael et al., 

2000). This force is then transmitted to underlying actin-spectrin cortical lattice via 

the "pillar proteins" that connect PM to actin. Conceptually, these pillar proteins 
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would therefore play a pivotal role in a PM-based motor model. The wavy 

appearance of the PM in our preparations may be explained by the osmotic stress 

imposed by our HPF filler requirements, disrupting the regular spacing of density 

ascribed to pillar proteins in previous studies (Forge, 1991). The resulting pillar 

density joining PM to actin in our samples is thus of varying length and orientation, 

reflecting the variation in distance between the undulating PM and the actin 

filaments. The actin filaments appear unaffected by the varying curvature of the PM, 

and instead remain tangent to the surface of the SSC membrane. Interestingly, 

regions of individual pillars are frequently as thin as 3-4 nm and never exceed the 

cross-sectional area of an actin filament, raising the question of how it would 

transmit the shear applied by a PM motor to the actin filament and avoid buckling in 

the process. Combined with the smooth appearance of the SSC membrane and 

preserved SSC-actin connections, this suggests the pillar may be the weakest link in 

the coupling between PM, actin, and SSC. This hypothesis is consistent with micro-

aspiration experiments demonstrating separation of the PM from the SSC-CL 

complex (Oghalai et al., 1998). 

The newly observed connection of the actin filaments to the outer-most SSC 

cistern (Figure 6-6) requires a PM-motor model to take the mechanical contribution 

of the SSC into account. Because the number of cisternae can vary depending on 

axial position along the OHC lateral wall, location in the cochlear spiral, and animal 

model (Lutz & Schweitzer, 1995, Furness & Hackney, 1990, Kakehata et al., 2000, 

Forge, 1991), it is best to consider the effects in the limiting case of a single cistern. 

A single SSC membrane appears at least as thick as the adjacent PM in our 
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tomograms, implying similar if not greater mass per unit area. Ignoring the mass of 

the cortical lattice, if an aggregate of PM motors were to displace an equivalent area 

in a single SSC cistern, the motor would be required to displace at least twice the 

mass of the PM when considering the SSC membranes alone, along with the lumenal 

material. With a 16.8 nm row spacing that correlates with the 19.2 nm repeat of the 

SSC membrane lattice, this lumenal material is 2-3x as dense as the circumferential 

actin filaments of the cortical lattice. The combination of the honeycomb lattice of 

the SSC membrane, together with the proteinaceous, non-fluid framework within 

the SSC lumen, comprises a membrane-lumen-membrane composite for each cistern 

with an anticipated structural rigidity exceeding that of the PM. 

The larger apparent mass coupled with the intricate internal structure of 

even a single SSC cistern raises questions regarding how a PM-located motor 

mechanism could move or deform such a structure. These concerns persist even 

when considering the fenestration in the SSC as reported in some samples; such 

fenestrations do not span large arcs around the circumference of the OHC, which 

would compromise the longitudinal integrity and therefore mechanical contribution 

of a cistern in the axial direction of the cell. 

These two findings - the coupling of the SSC to the cortical lattice, along with 

the disruption and structure of the pillar under conditions that do not result in 

similar disturbance of neighboring lateral wall components - present challenges to a 

models of electromotility based solely on a PM motor. For example, if the pillar was 

robust enough to convey a transverse force from the PM to the underlying actin, 

which we now know is connected to the seemingly rigid SSC, one might expect to 
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see the SSC deform in a manner mirroring the undulating PM. However, instead we 

see a lower curvature, more regular appearance of the SSC membrane alongside the 

wavy PM (Figure 6-2, Figure 6-5). Further, the requirement that the PM displace and 

deform not just the cortical lattice, but the intact SSC cistern as well, implies a PM 

motor would have to affect a composite structure with several times the PM's mass 

per unit area. A cartoon schematic, incorporating our findings into a new model of 

the lateral wall, is illustrated in Figure 6-7. 
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Figure 6-7 Model of the OHC lateral wall, including new SSC structure and actin-SSC 

links. Annotation: blue = PM; maroon = SSC membrane; orange = actin filament; 

yellow = actin-SSC link; green = pillar. For the SSC lumen material, red and blue are 

used to indicate the alternating material associated with each SSC membrane (see 

Figure 6-4i). Spectrin cross-links between actin, shown in other studies, are colored 

purple. 
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6.4.4 Summary 

The novel ultrastructural findings presented here arise from a combination 

of advancements in sample preservation via HPF/FS, combined with the ability to 

resolve 3D structural relationships among components within the lateral wall 

through the use of electron tomography. At minimum, the structure characterized 

within the SSC, along with its connection to the cortical lattice, establishes that the 

SSC makes a significant contribution to the passive mechanical properties of the 

OHC lateral wall that needs to be incorporated into future models of OHC mechanics. 

The dense and prominent structural features we have visualized suggest the SSC 

may play a potential active role in OHC electromotility. Given our findings, in the 

absence of contrary evidence we contend that this possibility should not be 

discounted. 
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Chapter 7: Conclusions 

Mammalian outer hair cells (OHCs) are able to convert variations in 

transmembrane potential into changes in cell length. Within the cochlea, this 

phenomenon, termed electromotility, is required for the amplification underlying 

the frequency selectivity and sensitivity of mammalian hearing. The transduction of 

voltage to displacement has been localized to the lateral wall of the OHC. Our 

understanding of OHC electromotility is thus directly tied to our knowledge of 

lateral wall structure, which can be viewed as a trilaminate structure consisting of 

the plasma membrane (PM], cortical cytoskeleton, and organelle known as the 

subsurface cisternae (SSC). Present models place the motor element within the PM, 

with specific identity given to the transmembrane protein prestin. The mechanism 

of force generation in the PM motor is currently unknown, and how this motor 

generates whole-cell length changes is also a topic of debate. 

Our current knowledge of OHC lateral wall structure is based upon 2D 

projection imaging and surface scanning approaches, sometimes dependent on 

extracted cell preparations to isolate or expose cytoskeletal components of the 

lateral wall. The goal of this thesis was to provide the first 3D visualization of the 

components of the intact OHC lateral wall. Electron tomography, an extension of 

transmission electron microscopy [TEM), is currently the only 3D imaging 

technique with the necessary resolution to accomplish this goal. 
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Because the relevance of our imaging was only as good as the quality of the 

sample being studied, we invested heavily in TEM sample preparation. Beginning 

with conventional aldehyde-fixation protocols, we employed increasingly 

sophisticated approaches, culminating in high-pressure freezing and freeze-

substitution (HPF/FS) of freshly dissected tissue, the current state of the art for 

resin-embedded TEM samples. We began with mouse as our animal model in 

anticipation of future studies involving genetic models. We later focused on guinea 

pig because it provided a more efficient source of adult OHCs, and also because it is 

the historical model for OHC physiology, allowing us to directly assess the impact of 

our results in the context of previous studies. In the process, we were able to 

compare both mouse and guinea pig OHCs under similar conventional aldehyde 

preparation conditions, and saw that guinea pig OHCs have more continuous SSC, 

while the SSC of mouse OHCs is regularly fenestrated, in agreement with the 

morphologic differences seen by others. 

We required new methods to process guinea pig OHCs for HPF/FS, so we 

developed a technique to allow precise positioning of OHC strips within 

microdialysis tubing through the use of a microaspiration setup. This method 

facilitated tracking of the specimen through subsequent processing, and also aided 

in orientation prior to sectioning for imaging. In addition to OHCs, we also applied 

the technique to cultured breast cancer acini, showing the general utility of the 

approach in processing sparse and fragile tissues. 

We used this approach to systematically assess the effects of various 

cryoprotective filler materials used during HPF on OHCs. We concluded that dextran 
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is the preferred filler material, despite its complications with subsequent freeze 

substitution and sectioning. We also experimented with freeze substitution 

conditions to increase internal membrane contrast, including the addition of water 

(1-2% v/v) to the FS media, and observed a marked increase in overall SSC contrast 

with the addition of water. Our results also revealed the relative difficulty in 

obtaining good freezing in OHCs compared to other eukaryotic cells. We conclude 

that the best parameter for future optimization is the further reduction in the 

freezing thickness, which could be done by direct deposition of OHC strips in a 

matrix such as low-melt temp agarose with modification of the existing aspiration 

setup. 

Using HPF/FS samples from the guinea pig, we generated the first 3D 

reconstructions of the intact lateral wall using dual-axis electron tomography. We 

revealed previously unknown substructure within the SSC, characterizing both 

structure within the SSC membrane and also the SSC lumen. Our measurements of 

lattice spacing, along with the recognition of hexagonal, rather than square packing, 

exclude ryanodine receptor as a potential component of the observed SSC 

membrane pattern, a current candidate. The identical spacing in both SSC 

membrane and SSC lumen patterns, combined with observed connections between 

the lumenal material and SSC membrane, suggest individual cisternae are 

potentially rigid trilaminate structures. We also discovered novel actin-SSC links, 

which connected individual actin filaments to the adjacent SSC membrane; together 

with the pillars that link the actin to the PM, these actin-SSC links establish 

mechanical connectivity from the SSC to the PM. 
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Despite the prominence of this organelle in the lateral wall, the role of the 

SSC in electromotility is unknown. Current PM-motor-based models of OHC 

electromotility implicitly rely upon the assumption that the stiffness of the PM is at 

least within the range of the associated cortical lattice and/or SSC [He et ah, 2006]. 

These models rely on force transmission through the pillar protein to convey energy 

from the PM motor to the cortical lattice; our observation of actin-SSC links 

definitively requires such models to take the mechanical contribution of the SSC into 

account. At a minimum, the implied rigidity of an SSC cistern compared to the PM -

one cistern contains twice as much membrane per unit area of PM, along with its 

associated lumenal material - raises questions as to how a PM-based motor would 

be able to deform such a relatively stiff structure. A more exciting possibility, given 

the regularity of the SSC structure, would be the potential for an active contribution 

to the motile mechanism; however, there is no direct evidence yet in support of this. 

Further, current models assume the pillar to be an orthogonal, rigid column 

conveying force from the PM to actin, yet our imaging shows the pillar to be thinner 

than the actin it connects to, and also variable in length and orientation. The 

impression is more of a rope tethering the membrane to the actin, rather than a stiff 

column intended to resist buckling under the shear stress applied by a PM motor. 

Might the pillar simply be an anchor to tether membrane complexes at specific 

points within the PM, rather than act as a load-bearing structure? 

In conclusion, what began as an effort to clarify the structural underpinnings 

of PM-based electromotility revealed novel structure in the lateral wall that calls 

into question fundamental assumptions of the PM-motor model itself. Future 
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identification of the components of the SSC membrane and lumen complex will 

clarify the passive mechanical contribution of the SSC and potentially suggest an 

active role in electromotility. 

7.1 Future Directions 

Fleshing out the role of the SSC and any active mechanical contribution will 

require the characterization of the individual components that comprise the SSC 

membrane and lumen patterns described in this thesis. One experimental approach 

that generates excitement would involve the purification of a large enough 

population of outer hair cells for biochemical analysis of a cell membrane 

preparation. The concept of purifying OHCs for such analysis in itself is not novel 

(Holley, 1989); however, the present availability of GFP-expressing hair cells in 

mouse models would allow purification of larger, purer fractions of OHCs using 

fluorescence cell sorting. We have discussed the use of just such an approach with 

Dr. Jian Zuo, who has the necessary mouse model available. With a purified cell 

population, we would then be able to extract the cell membrane fraction and isolate 

individual membrane protein fractions through the use of SDS-PAGE gels. Because 

current mass spectrometry only requires nanogram amounts of protein, we could 

then use mass spec to identify these discrete components, cut directly from the gel. 

We would therefore, for instance, be able to identify the ~60kD component that was 

convincingly labeled on the SSC membrane using immuno-EM (Holley & Richardson, 

1994) during a previous antibody screen on organ of Corti homogenate. 

Identification of this component might also suggest other associated proteins to 
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characterize in the membrane fraction. Once identified, immuno-EM would be used 

to conclusively localize the components to the SSC organelle. We would also look for 

the presence and relative amounts of Ca-ATPase (Schulte, 1993) or ryanodine 

receptor (Grant et al, 2006) that others have localized to the lateral wall. 

In addition, models of OHC electrophysiology depend upon internal 

membrane geometry to define boundaries for charge-carrier transport within the 

simulation domain. Simple assumptions such as whether or not the SSC is 

fenestrated, or the path of current once it enters the apex of the OHC from the 

stereocilia, have profound effects on the results from these models (Halter et al, 

1997). Satisfactory answers to these assumptions require surveying large portions 

of the OHC in 3D at a resolution sufficient to trace out these membranous 

compartments. Further, given the variation among species in SSC morphology, this 

exercise would preferably be done across multiple species. While the required size 

of the volume to be surveyed is outside the reasonable realm for electron 

tomography, there is another technique recently available that is well suited to this 

problem. Focused ion beam / scanning electron microscopy, or FIB/SEM, can be 

used to serially image and etch away resin-embedded samples at a resolution of 7-

lOnm in a volume of 5 x 5 x 5 \im3. In addition to surveying large areas of SSC, this 

approach would enable us to assess whether or not the canalicular reticulum at the 

apex of the cell is able to duct incoming current from the stereocilia down the ECS 

between the PM and SSC, an assumption that was made in (Halter et al., 1997). More 

generally, mapping out membrane continuity will elucidate whether there is true 

compartmentalization of ion transport within the OHC, and address the currently 
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unknown fate of input current once it exits the base of the stereocilia into the 

cuticular plate. 

Another potential future goal involves the spectrin cross-links of the cortical 

lattice. Our attention was focused on preparations that gave the best preservation of 

the SSC and membranous connections such as the pillar proteins, as evaluated from 

2D TEM projections. In the tomograms we generated from these samples, we were 

not able to conclusively image the spectrin cross-links that connect the actin 

filaments along the longitudinal axis of the OHC. This could be in part due to the 

length-scale of the spectrins - they are thinner than actin filaments, which are 

already difficult to image by electron tomography, an argument that also 

confounded the analysis of the pillars - but it likely also had to do with the contrast 

these features exhibited following FS and section post-staining. It would be 

interesting to do some tomography on a sample with prominent spectrin cross

links, preferably even on a sample previously published in the literature. In addition 

to providing a definitive example of the spectrin cross-links, that would provide a 

known standard to compare tomography results to previous conclusions that were 

drawn regarding OHC structure from these studies. This should be possible, as 

resin-embedded samples have an indefinite shelf life, and the authors of these 

studies are still active in the field. 
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