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Abstract

Mechanosensitive (MS) channels are those whose open probability (Pypen) Changes in
response to mechanical stimulation. Principally, there are two types of mechanical effects on the
channel activity, stretch-activation and stretch-inactivation. Mechano-responses can be detected with
patch-clamp recordings in cells from bacteria to human, indicating the ubiquitous distribution of MS
channels. Mechanosensitivity has recently been shown to be associated with a variety of unrelated
channel types, suggesting that susceptibility to membrane tension could be an inherent property of
many integral membrane proteins. In this thesis, I tested the hypothesis that an arbitrarily chosen
channel with no known mechanotransducer function could be mechanosusceptible under conditions
when (1) studied by patch-clamp recordings and (2) heterologously expressed where the protective
machinery of its native environment is absent.

In order to test this hypothesis, a simple well characterized voltage-dependent K " channel,
Shaker-Inactivation-Removed (Shaker-IR) was expressed in Xenopus oocytes in which the
endogenous MS channels were blocked by Gd ** (100 uM GdCl,) to facilitate the observation of
mechano-response of Shaker-IR. Characteristic conductance-voltage (G-V) curves were obtained
for Shaker-IR by two-electrode voltage clamp recordings, although Gd " shifted the voltage gating
by 23 mV. Shaker-IR currents (Ig,) were studied in cell-attached and inside-out excised patches with
or without mechanical stimulations. In macropatches, various mechanical effects on I, were
recorded at different activation levels (i.e. at different membrane potentials). At the foot of the G-V
curves where P, was low, stretch-activation dominated the MS Shaker-IR channel activity. At the
intermediate range of the curves, only minor stretch effects were detectable. At the top of the curves
where P, was high, sustained stretch frequently caused stretch-inactivation. In small patches,
stretch-activation and -inactivation were evident as single channel events. Single channel recordings
revealed that at a given membrane potential, P, changed steeply with the applied pressure, in a
dose-dependent manner. As in macro-patch recordings, both stretch-activation and stretch-
inactivation were induced in the same patch, depending on the pre-stretch Popen

Before reaching a conclusion that the observed mechanical effects were indicative of the
mechanosusceptibility of a voltage-dependent channel, it was necessary to rule out the possibility

that these effects might be caused by stretch-induced changes in membrane area or by “breakthrough

iii



currents” from the oocytes’ endogenous MS channels. These possibilities were excluded by the
following arguments: (1) Mechanical stimuli produced no apparent increase in capacitance of the
patched-membrane, while the increase of the channel activity upon stretch was often one to two
orders of magnitude. (2) Stretch-inactivation (not expected from increased area of the recording
patch) occurred and could be observed in the same patch that showed stretch-activation. (3) Both
the activation and inactivation could be elicited by either suction or blowing. (4) None of these
responses were observed in no-Shaker-IR control oocytes. (5) The effects of mechanical stretch
depended on the membrane potential, i.e. on the pre-stretch P,pen Of the Shaker-IR channel. In
conclusion, membrane stretch can intertere with the voltage gating of Shaker-IR, consistent with the
assumption that mechanosusceptibility may be an inherent property of many integral membrane
proteins. Since mechanosusceptibility is easy to demonstrate, it might play a role in the physiology
of cells by a) modifying the activity of ion channels and b) creating a need for mechanoprotection

for channels when they are not used to monitor bilayer tension.
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CHAPTER 1

General Introduction

ION CHANNFL CLASSES

Ion channels are specialized transmembrane proteins that form water-filled pores in the
membrane to allow the selective passage of ions. Based on the effective stimuli for their gating
mechanism, ion channels are generally classified into three basic types: voltage-gated, ligand-gated
and mechanotransducer (MT) channels (Jan and Jan, 1989). Originally, each channel type was
thought to belong to a specialized channel superfamily and to have acquired distinct structural motifs
for their corresponding gating. Just as their names imply, voltage-gated channels open preferentially
when the membrane is depolarized whereas ligand-gated channels activate when specific agonists
(neurotransmitters such as acetylcholine, N-methyl-D-aspartate (NMDA), glycine, or y-amino-
butyric acid (GABA)) bind to the channels. MT channels, on the other hand, respond primarily to
various physiologically relevant mechanical signals, such as light or heavy pressures (i.e. touch or
pain sensation), vibrations (i.e., pressure waves), gravity, body movements, changes in cell volume
and shape, and shear forces (Garcia-Afioveros and Corey, 1997).

Despite these distinct physiological properties, the gating mechanism of each channel type
may not be sharply demarcated from one another. It has been shown that a given channel is often
susceptible to more than one type of stimulus. For example, the neurotransmitter modulated “S-like”

K" channels (TREK) are susceptible to stretch (Vandorpe and Morris, 1992; Vandorpe et al., 1994).



Likewise, the NMDA channel, a ligand-gated channel whose major physiological ligand is glutamate
shows responsiveness to both voltage and mechanical stimuli (Paoletti and Ascher, 1994; Casado
and Ascher, 1998). Up to now, we still do not understand the basis for these overlapping
sensitivities, either at the biological or the biophysical level. The aim of this thesis has been to

explore the susceptibility of a voltage-gated channel to stretch.

CHANNELS RESPONSIVE TO MECHANICAL STIMULATION

I. MS channels and MT channels

Mechanosensitive (MS) channels are defined operationally as those channels whose open
probability (P,,,), studied under patch clamp conditions, changes in response to mechanical
stimulation (Morris, 1990). Since the first discovery of MS channels responding to mechanical
stimuli at patch clamp single channel recordings (Guharay and Sachs, 1984), MS channels have been
found in various cells types, including both sensory cells and non-sensory cells (Morris, 1990;
Martinac, 1993). However, since Morris and Horn (1991) reported that they could not record whole-
cell currents anticipated by single channel currents, it has been suspected that MS channel behaviour
might be due to some artificial effects of patch clamping. Although there is no doubt about the
existence of MS channels as channels, the finding of Morris and Horn (1991) put the physiological
role of many MS channels into question, particularly those in non-sensory cells. After another eight
years’ study on MS channels, there is still a resounding lack of success in recording MS whole cell

currents that correspond to the single channel data. To date, the only MS channel, whose whole cell



channel activity has been reported to correlate with the single channel recordings and with a
physiological role, is a channel type in hypothalamic supraoptic osmosensory neurons (Oliet and
Bourque, 1993; Bourque and Oliet, 1997).

Due to the serious discrepancy between single channel and whole cell activities, most MS
channels have not been confirmed to be MT channels. We reserve the name MT channels only for
those channels with defined physiological roles in mechanotransduction such as detection of touch,
sound, osmotic gradients, cell swelling, position of body parts, movements, acceleration, gravity and
fluid pressure. To illustrate the distinction between MT channels and MS channels, several examples

are listed in Table 1-1 along with some background descriptions for each.

II. Criteria for MT channels

To claim that MS channels are physiological MT channels, several criteria have to be met
(Morris, 1992). 1) Being able to demonstrate mechanosensitivity at the single-channel level. 2) The
MS channel must be specifically blocked or alternatively, the difference between a mutant organism
(or a cell deficient in the MS channel) and a normal (or wild type) must be demonstrated. 3) Show
that some physiological aspect of the cell’s behaviour or development is mechanosensitive. 4) Show
that the physiological function is impaired with a selective MS channel blocker or by mutation. 5)
Finally, characteristics obtained from macroscopic whole-cell recordings should correspond to single
channel recordings in selectivity, pharmacology, and stretch sensitivity. In other words, the MS
macroscopic current data should be consistent with single channel kinetics and amplitude. Clearly,

only one of the MS channels listed in Table 1-1 meets this set of criteria.



Table 1-1 Mechanotransducer (MT) versus mechanosensitive (MS) channels *
MT Original Name Molecular Transduction physiology
channels location identity
1 C. elegans MT degenerins & putative channel subunits have been cloned and shown to
touch cell cation auxiliary interact with intra/extracellular proteins
channel* | proteins
2 vertebrate MT unknown whole cell electrophysiology and cell biology indicate that
hair cell cation channels are present and functionally dependent on
channel ® extracellular tip links
3 mammalian Sl cation | unknown the osmosensitivity expected from whole organism physiology
osmosensory channel © is evident in both single channel and whole cell currents
neuron in CNS
MS Original Name Molecular Biophysical Proven Putative
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III. Evidence for mechanotransduction by MT channels

A. Overview

Mechanosensation, the ability to detect mechanical force, is a form of sensory transduction
that may be useful for all living cells and is highly developed in the specialized mechanoreceptors
(see Table 1-1). The cellular response to these stimuli has been assumed to be mediated directly by
ion channels (Guharay and Sachs, 1984) because the rapidity of mechanosensory responses (in the
scale of milliseconds, ms) can not be explained by multiple steps of a biochemical signalling
pathway. Currently, two major areas of studies have provided evidence that some ion channels may
be MT channels which are responsible for either MT currents or MT behaviour. First, using
combined biophysical and cell biological techniques, evidence suggests that vertebrate hair cells
contain channels and are responsible for the mechanotransduction (Hudspeth, 1989). Second, genetic
and cell biological studies suggest that putative MT channels in a subset of Caenorhabditis elegans
(C. elegans) neurons are responsible for touch sensation in this organism (see review by
Tavernarakis and Driscoll, 1997).
B. Biophysical evidence that vertebrate hair-cells have MT ion channels
L. Structure of hair cells

Hair cells are found in the auditory and vestibular organs of all vertebrates, as well as in the
lateral line system of fishes and amphibians (Marcus, 1998). In structure, each hair cell has a
projected tuft (or hair bundle) of 20 to 300 stereocilia which are tapered at their bases and inserted
into the apical surface of the cell (Fig. 1-1A). Stereocilia are aligned in a constant increment in
height and the two adjacent stereocilia are interconnected by a single-strand filament called a tip link,

which joins the tip of one stereocilium to the side of the next taller stereocilium (Fig. 1-1B).



Figure 1-1. Mechanotransduction in vertebrate hair cells

(A) Two hair cells in the sensory epithelium of a bullfrog vestibular organ are shown as electron
micrograph pictures. Each bears on its apical surface a tuft of stereocilia, in a staircase arrangement
of increasing height up to 8 pm high. (B) A tip link. shown in an electron micrograph of two
adjacent stereocilia, is a thin filament (arrow) that contacts the end of shorter stereocilium to the side
of the taller one. (C) Because stereocilia stick together at their tips, the tip links between stereocilia
are stretched when the stereocilia are deflected towards the longer stereocilium. (D) Such a “spring-
like™ tip link has been proposed to be attached to the MT channels at both ends, one at the tip and
the other along the side of a stereocilium. Evenly spaced actin filaments form the cytoskeleton of the
stereocilia. MT channels are thought to be tethered (via unknown linker proteins, but probably

involving myosin) to the actin filaments (from Corey and Garcia-Afnoveros, 1996).
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Evidence summarized below suggests that the tufts of stereocilia contain channels
responsible for the mechanoelectrical transduction (i.e., MT channels).
2. Evidence for location of the MT channels

Early studies done by Corey and Hudspeth (1979) suggests that MT channels are located at
the tips of the stereocilia. A mechanical stimulation probe was attached to the tip of the hair bundle
and made to oscillate at a certain frequency. Simultaneously, a recording microelectrode “tuned” to
detect extracellular current density at the same frequency, was placed at various sites around the hair
bundle. The finding that mechanical stimuli elicited the highest current density near the tip of the
hair bundle indicates that mechanoelectrical transduction occurs near the stereocilia tips and
therefore, that the location of the MT channels might be in this region (Hudspeth, 1982). Recently,
calcium (Ca’") indicators have been used to assess the presence and location of MT channels in
individual stereocilia, the new evidence suggests that MT channels may be situated not only at the
tip of the lower stereocilium but at both ends of each tip link (Denk et al., 1995; Lumpkin and
Hudspeth, 1995).

Later studies also support the idea that tip links might be attached to the MT channels in the
tip of each stereocilium. These studies include the observation with transmission electron
microscope of the fine filaments between the tips of adjacent stereocilia (Pickles et al., 1984), the
observation that BAPTA, a Ca*" chelator, disrupts these tip links (as shown by scanning electron
microscope) and induces a loss of mechanosensitivity (Assad et al., 1991). Therefore, the tip link
protein could act as a gating spring which controls the opening and closing of transduction MT

channels (Hudspeth, 1989).



3. Proposed mechanotransduction model for hair cells

From studies of the electrophysiological response to bundle deflection, a direct mechanical
gating was proposed for the following reasons. 1) The transduction process is extremely rapid, with
channels opening within tens of ms in response to mechanical stimuli (Corey and Hudspeth, 1983).
2) The latency of channel opening decreases as the bundle deflection increases (Corey and Hudspeth,
1983; Crawford et al., 1989), suggesting that the mechanical input acts directly on the channel itself.
3) MT currents were recorded only when the bundle of a vertebrate hair cell was displaced in the
positive direction (toward the taller stereocilia), suggesting that the gating springs act more like
rubber bands, i.e., capable of exerting force when stretched but not when compressed (Corey and
Hudspeth, 1983).

This direct gating model (Corey and Garcia-Afioveros, 1996) implies that the P, of the MT
channel is a direct function of tension, while tension is conveyed by an elastic “*gating spring”(Fig.
1-1C and 1-1D). Hypothetically, in response to a mechanical stimulation, if the stereocilia are
displaced toward the bundle's taller edge, which would increase the tension of the tip links, the MT
channels near the tips of the stereocilia tend to be open. Under these conditions, the cells are
depolarized. If the stereocilia are displaced in the opposite direction, the tip link shortens and tension
releases, the MT channels then tend to be closed. As shown (Fig. 1-1D), two MT channels (one at
the tip of the lower stereocilium and the other at the side of the taller stereocilium) are connected
through an elastic tip link. MT channels are not only attached to the extracellular filamentous
component, such as tip links, but also to the intracellular cytoskeleton via an intracellular linker.
4. Molecular identification of transduction elements

Using biochemical and molecular biology techniques, additional information about protein



components of the hair cells have been provided.

The cross-linked filaments within each stereocilium have been identified as actin (Pickles,
1993), and the adjacent actin filaments are extensively cross-linked to form a rigid network for
transmitting forces. Evidence suggests that MT channels attach intracellularly to actin via a tension-
regulating myosin, located in a cluster in the cell bod