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1
Introduction

Mechanosensitivity is a universal property of cells and provides an obvi-
ous survival advantage for free living organisms who must back away from
barriers and evade predators. For multicellular animals, mechanosensitiv-
ity provides sensory inputs for hearing, touch, kinesthesis and propriocep-
tion, the volume of hollow organs, the regulation of hormones involved
with fluid homeostasis and the regulation of growth of bone and muscle.
In plants, mechanosensitivity ensures that roots grow down and stems
grow up, that pea plants twine and that the gills of fungi are vertical.

The transducers for mechanical inputs are not clearly characterized, but
must include the cytoskeleton and its mechanochemical components such
as the actin and tubulin based transporters, cell surface proteins such as
the integrins, and ion channels. Of all the mechanical transducers,
mechanosensitive ion channels (MSCs) are the simplest to study since
their response is rapid and the establishment of cause and effect is a
simpler process than most. In contradiction to established approaches in
biology, the most valuable sources of information about the properties of
these channels has not been obtained from specialized cells but rather
from cells whose primary function does not appear to be sensory. This is
because the specialized transducers are firmly bonded to the structures
whose strain they are to sense and hence difficult to isolate without dam-
age. A consequence of this rather bizarre choice of cells is that the physi-
ological function of the channels is often in question.

The designation of a channel as mechanosensitive is empirical and
signifies only that the channel’s open probability responds to membrane
deformation. MSCs may be either stretch-activated channels {(SACs) or
stretch-inactivated channels (SICs). Some SACs appear to be curvature
sensitive, only responding when bowed toward the nucleus; examples are
found in glial cells (Bowman et al. 1992; Bowman and Lohr 1996}, smooth
muscle cells (Kawahara 1993) and endothelial cells (Marchenko and Sage
1996). Other than mechanical sensitivity, the phenotypes are quite varied,
suggesting that they do not all belong to a single homologous family of
channels. Some are activated by stimuli other than mechanical stress,
while others appear to be novel. It is almost certain that MSC gating is a
response to tension conveyed to the channel via either the surrounding
lipids or the membrane cytoskeletal elements. Although physiological
tasks requiring mechanosensors can be pointed to in most, if not all, cells



4 E Sachs and C. E. Morris

in which MSCs have been found, it has been frustratingly difficult to prove
that these tasks are carried out by the MSCs.

Over the last few years, this impasse has started to give way and several
exciting advances have occurred: an MSC channel from bacteria has been
cloned, an excellent candidate for a component of an MSC has been cloned
from touch sensitive mutants of Caenorhabditis elegans, and MSC activity
has been linked to a well-characterised physiological function in an os-
mosensory neuron. In addition, there is an increasing realisation that the
state of the cytoskeleton adjacent to the membrane may strongly affect the
response of MSCs to mechanical stimuli. Taken together, these develop-
ments provide a good reason for reviewing the state of the field. We do not
attempt to offer a compendium of recent findings since several reviews of
recent vintage are available (Sackin 1995; Martinac 1993; Lecar and Morris
1993; Morris and Horn 1991a; Morris 1995; French 1992; Yang and Sachs
1990; Hamill and McBride 1995; Bargmann 1994; Sukharev et al. 1997).

1.1
Scope of This Review

We start with an operational definition of MSCs then move to a considera-
tion of mechanical forces in the context of membranes and ion channels.
After summarizing a general stochastic model for two-state MSCs, we
discuss several physical models of MSC gating, giving particular emphasis
to bilayer mechanics. Since the behavior of MSCs varies markedly with the
method of study, we devote considerable space to techniques for recording
and stimulating. Since eucaryotic MSCs appear to require the membrane
skeleton for activity, we treat the theory and evidence relating to its role.
Transient responses of MSCs (adaptation, delay) are covered in this con-
text and also discussed in their own right. We include a section on the
pharmacology of MSCs and a section on the role of MSCs in cell and organ

physiology.

1.2
What Are MSCs?

MSCs are defined by the distinctive property that their gating is responsive
to membrane deformation. It is reasonable to ask what is meant by “re-
sponsive,” since a number of papers have been published in which me-
chanical stimulation caused only slight changes in kinetics. For example,
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the NMDA channel has a mechanosensitive dynamic range of =3 (Paoletti
and Ascher 1994), and the bovine epithelial Na* channel ENaC has a
dynamic range (Awayda et al. 1995). In contrast, truly mechanosensitive
channels are specialized in the sense that they can vary by orders of
magnitude their probability of being open as a function of mechanical
stress. Modulation of gating by mechanical stress does not per se justify
classifying a channel as “mechanosensitive” any more than modulation of
a nicotinic AChR channel by voltage (Magleby and Stevens 1972) classifies
it as a “voltage sensitive” channel. Although these distinctions are some-
what arbitrary, they help to define the interim taxonomy of channels.
Eventually we would hope to apply the designation “mechanosensitive” to
channels that recognize mechanical deformation as a meaningful physi-
ological signal. Under these conditions, a dynamic range as small as 2-3
could be significant. Until then, it would be wise to use a term such as
“weakly mechanosensitive” to describe channels with a small dynamic
range.

1.3
Activating MSCs

The requisite property of MSCs is that the channel’s dimensions must
change during the rate limiting transitions. If the open states are larger
than the closed states, the channel is a SAC, and the opposite for SICs. In
the case of a SAC, for example, the applied force does work on the channel
so that the open state is lower in energy than the closed state under the
same force, and has a favored occupancy.

The activation is allosteric and stochastic in the same sense as the gating
of other channels. Pulling on the channel does not change its active site,
i.e., its conducting pore; rather, pulling changes the probability that the
conducting pore will be open. In an exception to this generalization, one
report claims that the reconstituted epithelial Na* channel, «BENaC, loses
its intra-cation selectivity with deformation of the artificial bilayer
(Awayda et al. 1995). In eucaryotes, forces appear to be transferred to the
channels by the cytoskeleton rather than by the lipids. A functional equiva-
lent of the model of Fig. 1 is shown in Fig. 2 with cytoskeletal attachments.
Although Fig. 2 is drawn with the channel pulled in one direction, in
reality, the channel may be pulled in several directions to produce a dis-
crete form of tension.
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Fig. 1. Cartoon of an allosteric gating
mechanisms for SACs and SICs. In each
case the larger diameter conformation of
the channel protein should become more

stable with increased in-plane tension. (%]

The open channel conductance does not

change with tension, nor is it expected to — =
with low levels of hydrostatic pressure o
(Sachs and Feng 1993; Rosenberg and small / open large / closed
Finkelstein 1978). Note that both confor- stretch-inactivated channel

mations occur with some probability un-

der all tensions. Tension is envisaged as

pulling on the channels’ perimeter and fa- O

voring one or other conformation 0

—

small / closed large / open
stretch-activated channel

L A
F

Gating Spring

Fig. 2. Cartoon of the two types of MSCs in which force is transferred to the gates via the
cytoskeleton rather than the lipids. F, Force within the attached cytoskeleton and the “gating
spring” represents the elasticity of these elements. The channel gates should be viewed as
bistable elements that are either open or closed, snapping between the two states with a
probability controlled by the force F

In the absence of structural data, MSCs must be defined phenotypically
by the way they respond to stimuli, and one cannot separate the present
definition of the channels from the method by which they are stimulated.
Additionally, in the absence of specific pharmacological reagents for
MSCs, whole-cell mechanosensitive currents cannot be clearly identified
as arising from MSCs. Such currents may arise via activation through
second messengers produced by other mechanosensitive enzymes (Chen
et al. 1995; Lehtonen and Kinnunen 1995; Watson 1990). It is generally not
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Fig. 3. Images of a cell-attached patch from an mdx myotube in culture. As is common with
many patches, a plug of membrane-covered cytoplasm has pulled away from the cell leaving
a saline filled gap between the plug and the remaining cellular cytoplasm. Left, with zero
applied pressure; right, with ~40 mmHg. With increased suction, the membrane curvature
increased. The excised plug of cytoplasm was intact as evidenced by the lack of Brownian
motion of organelles. When the cytoplasm degenerates, Brownian motion visibly increases.
Note the curvature at zero pressure illustrating the presence of residual stress in the
cytoplasm

simple to identify a whole-cell current that arises after mechanical stimu-
lation as one arising from a direct action on MSCs. The potential difficul-
ties involved in the study of MSCs is shown by the complexity of patch
structure (Sokabe et al. 1991), an example of which is illustrated in Fig. 3.

2
Forces

To understand the activity of MSCs, it is essential to understand the forces
involved and methods for generating them. Since the units used in cell
mechanics are unfamiliar to most electrophysiologists, we have included
tables of common units of pressure and tension. Because the literature
contains CGS, MKS and other miscellaneous units, our text is also mixed.
For pressure, we try to stick with the mmHg which is common to daily
weather pressure reports and is intuitively satisfying. For tension, we tend
to use the CGS dyne/cm which is the same as the molecular scale unit,
pN/nm. One other definition to be declared and apologized for at the
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outset is T, used for both tension and temperature. As temperature, T only
appears as kgT, Boltzmann’s constant times absolute temperature. To assist
in comparing data using different units we have created the conversion
tables for pressure (Table 1) and tension (Table 2). For those unfamiliar
with mechanical units some “rule-of thumb” MKS values may be useful:
the weight of a cell’s nucleus (in water) is =0.2 pN; the actin-gelsolin bond
=20 pN; dissociation of actin from myosin and the power stroke of myosin
=9 pN; the actin-actin bond =110 pN (Nishizaka et al. 1995) the bio-
tin-streptavidin bond =250 pN (Grubmuller et al. 1996); a carbon-car-
bon bond =30 000 pN (Berendsen 1996). For pleasant historical flavor,
the reader is reminded that an apple weighs approximately 1 Newton
(=100 g).

In attempting to place an order of magnitude value on the forces in-
volved in changing the state of an MSC, we could describe the mean force,
E on a channel by multiplying its perimeter by the tension. A typical
tension for half activation of an MSC of 1 dyne/cm gives, for a 5-nm
diameter channel, F=2nrT=15.7 pN. It has been difficult to measure the
forces that activate MSCs in cell membranes since, in general, they consist
of parallel and series components including the extracellular matrix, the
bilayer and the cytoskeleton. Experiments on patches (Sokabe et al. 1991)
and with “whole-cell” recording from vesicles (Gustin et al. 1988) suggest
that MSCs can be half activated with mean tensions in the range of
1 dyne/cm. Some, however, such as the recently cloned bacterial MSC,
denoted MscL, may require much more. Since some MSCs have recently
been reconstituted in lipid bilayers (Sukharev et al. 1997; Hase et al. 1995;
Awayda et al. 1995), it should be possible to form more precise estimates of
tension dependence of activation in these systems, but this has not yet
been done. A cartoon of a closed-open transition of an MSC in a lipid
bilayer is shown in Fig. 4. Tension decreases the lipid density and favors
the larger conformation of the channel. It should be pointed out that in
eucaryotic cells, stresses need not be only in the plane of the membrane
since the cytoskeleton (Sokabe and Sachs 1990), and perhaps the channels
themselves, can exert forces normal to the membrane.
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Table 2. Tension in various units

F Sachs and C. E. Morris

N/m dyne/cm pN/nm erg/cm2 KBT/nm’
N/m 1 10° 10° 10° 2.47x10°
dyne/cm 107 1 1 1 2.47x107"
pN/nm 107 1 1 1 2.47x10°"
erg/cm2 107 1 1 1 2.47x107"
kpT/nm’ 405107 405 4.05 4.05 1

Multiply the left unit by the factor to obtain the upper unit.

T

)

T

T

Fig. 4. Cartoon of a SA channel in a bilayer under tension (7). The open channel (not
necessarily the permeation pathway) is larger than the shut channel so that under tension T,
an amount of work equal to TAA is done on the channel when it passes from closed to open.
AA in this case is Bp(r02~rsz) where rois the radius of the open channel and rsis the radius of
the shut channel. Under tension the bilayer lattice (shaded) expands (clear) and is shown
greatly exaggerated for clarity. The lipid area expansion is usually < 3%
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2.1
Bilayers

To help define the minimal elements of membrane mechanics necessary to
think about MSCs, we first consider the bilayer. The bilayer is a two dimen-
sional fluid characterized by three intrinsic mechanical parameters (see
(Bloom et al. 1991) for an excellent and thorough review on the physical
properties of bilayers).

AR
Changes in Area

The first property is the resistance to increases in area, or stretching,
characterized by the elastic constant Ka. This is defined by T=AA/A K,
where A is the original area and A A is the increase in area under tension T.
A bilayer has relatively high resistance to being stretched (Ka=100-
1000 dyne/cm) and lyses with expansions of 3%-5% depending on com-
position.

2.1.2
Changes in Bending

The second property is the resistance to bending and is defined through
the bending moment, M=kcxA(1/r1+1/r;) where the r’s are the principal
radii of curvature and k. is the bending rigidity. A bilayer bends easily
(ke=107"2 dyne-cm) unless the tension is high. Because of the low bending
rigidity, an unstressed membrane under the influence of thermal energy
flaps in a direction normal to the plane of the membrane. Such “drum
head” modes of oscillation can be seen in red cells at normal volume where
the membrane is flaccid (Gallez and Coakley 1986). These surface waves
act as entropic “springs” that decrease, by about 20%, the theoretical elas-
ticity that is associated with decreases in density under tension (Bloom et
al. 1991). The bending fluctuations are always present and their amplitudes
decrease with the mean tension. At tensions greater than 103 dyne/cm, the
fluctuations are smaller than the wavelength of light and hence are gener-
ally unobservable.
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213
Changes in Shape

The third constitutive property of bilayers is the shear rigidity, the resis-
tance to changes in shape at constant area. As the bilayer is a fluid, shear
rigidity is zero at equilibrium but the corresponding shear viscosity may
be significant during membrane flow.

214
Activation of Channels by Tension

In the simple view of an MSC as a bistable, thermally activated object;
activation requires that the channel’s energy exceed the barrier(s) separat-
ing open from closed states. The channel is not dragged open by the
applied force (Sachs and Lecar 1991; Lecar and Morris 1993). The prob-
ability of being open is affected by the applied force because the depth of
the energy wells corresponding to the closed and open states depend on
the applied force according the Boltzmann distribution (Hille 1992). The
work done on the channel’s sensor domain by tension (force) would be on
the order of TA A where A A is the difference of in-plane area between the
closed and the open channel. A stretch activated channel needs to have a
larger dimension of the sensor when the channel is open than when it is
closed. The change in dimensions can be estimated from an analysis of the
gating process.

Consider a two state channel, C <> O (closed <> open). In the absence of
tension, the probability of being closed or open is, respectively, P.(0) and
open, Po(0). In the presence of a tension, T, these probabilities become
P{T) and Po(T). From the Boltzmann relationship:

PO(T)/PC(T):e—AG(T)/kBT (1)

where AG(T) is the free energy difference Go-Gc between O and C at
tension T. For our two-state channel, P.=1-P,, and:

PO(T) :1/(1+eAG(T)/kBT)
The simplest model for AG(T) is Hooke’s Law for area, AG(T)=AG (0)

~TA A=(To-T)A A, where AG(0) represents the energy difference between
open and closed states at 0 tension. It can be rewritten as an offset tension,
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To, times the change in area between the open and closed states, AA. Thus,
we can rewrite Eq. 1 as:

Po(T) =1/(1+eAAT-TOABT) (2)

and this is plotted in Fig. 5. The maximal slope, which occurs at the inflec-
tion point at Ty, is equal to A A/4ksT. If P, is measured as a function of
tension, the maximal slope can then be used to infer A A, the change in
area between the closed and open states.

A minimal estimate of the true slope is obtained from knowing P, at two
different tensions (e.g., T1 and T). As shown by the slope of the straight
line in Fig. 5, this is always less than the true slope, but can be used to place
alower limit on the free energy that can be added to a channel. With a little
algebra, Eq. 1 can be solved for AG in the presence of two different stimuli,
noted 1 and 2. For the two state system the free energy difference between
the open states is AGiz=kgT In[(1/P,(2)~1)/(1/Po(1)-1)]. This function is
plotted in Fig. 6.

If the probability of being open at rest is 10-3, and the probability of
being open with stimulation approaches 1, then AG,7 kT. This number is a
minimal estimate (it ignores inactivation or adaptation) and simply corre-
sponds to the equilibrium populations of the open and closed states in a
thermal bath. Thus, one need not do a detailed dose-response curve to
make an estimate of the free energy input to the gating process. This is
important because, as pointed out below, the observed slope of the P,
curve may vary considerably, based upon how much of the stress is borne
by parallel elastic elements, and one may falsely assume that a channel
with a low slope is intrinsically insensitive to stress. The minimal dynamic
range of the channel, Po(T1)/P,(T2), provides a minimum estimate of AG
without knowledge of the influence of the elastic elements. If the mean
tension across the mechanically relevant thickness of the membrane is Tr,
and only a fraction freaches the channels, then the slope of the Boltzmann
curve is shallower by f. When comparing the properties of MSCs in com-
plex (i.e., biological) membranes it might be useful to consider the dy-
namic range in the sense discussed above and illustrated in Figs. 5 and 6.
Given our ignorance of the constitutive properties of the membrane, the
ratio of the highest probability to the lowest might be a better standard
than the slope sensitivity for comparing intrinsic channel properties in
different systems.
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Fig. 5. The probability of being open vs. tension for a two state channel. The Boltzmann
relationship is calculated for To=0.5 and AA/ksT=10 (equivalent to 0.1 dyne/cm/e-fold
change in Po, similar to MscL, see below). Left, plotted on a linear scale. To place a lower
limit on the sensitivity, it is adequate to record activity at only two tensions. Straight line,
the slope that would be calculated for two observations (circles). Right, the same Popen curve
on a log scale, illustrating that for Popen below 0.4, a log plot of the data gives a highly linear
approximation to the sensitivity
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Fig. 6. The free energy difference between the open states of a channel under stimulus
conditions 1 and 2 as a function of the probability of being open at two stimulus conditions.
LogioPo values are shown on the x and y axes. AG is in units of kT

215
Physical Models for MSC Gating

Returning to the issue of the physical modeling of MSCs, we can ask what
is the physical consequence of doing, for example, 7 kaT of work on a
channel. Assume a cylindrical channel of 5 nm diameter and an applied
tension of 1 pN/nm (1 dyne/cm). If the channel radius increases upon
opening by an amount Ar, then the work done is tensionxchange in
area=Tx2 nr Ar. Thus, Ar=0.26 nm. The expansion of a 5-nm diameter
channel to 5.52 nm involves 7 kT of energy with 1 dyne/cm applied. This
is actually a small change in dimensions relative to the measurements on
molecular sensors and motors. For the transduction channel of cochlear
hair cells, the linear change in the channel’s dimensions has been esti-
mated to be 2-4 nm (Howard and Hudspeth 1988), and for molecular
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motors, the conformational power strokes have been estimated to be in the
same range (Nishizaka et al. 1995; Svoboda et al. 1995). The above calcula-
tion was based on the assumption that the gating transition involved the
whole molecule (as cartooned in Fig. 1), whereas it is probably more
reasonable to assume that a smaller part of the channel made larger
movements.

There are many possible models for how mechanosensitive ion chan-
nels are activated by membrane tension. The simplest is that mentioned
above, in which the channel appears as a disk embedded in a homogenous
lipid membrane for which the open and closed states have different areas
(Fig. 4). Such a model may be appropriate for the reconstituted MscL
channel cloned from Escherichia coli (Sukharev et al. 1994a) or for
alamethicin (Opsahl and Webb 1994a) in artificial lipid bilayers. Similar
models can be made for MSCs in eucaryotic cells with forces transmitted
to the channel from cytoskeletal elements lying parallel to the membrane
(see Fig. 2; Lecar and Morris 1993; Sachs and Lecar 1991).

The MSC gating curve is typically sigmoid when plotted against pipette
pressure as the independent variable (see Fig. 5), and, as pointed out above,
knowledge of the tension permits calculation of the effective AA. Unfortu-
nately T is rarely known for two reasons: (a) T cannot be calculated from P,
the trans-patch pressure, without knowing the radius of curvature, and (b)
in cells the compliance of the various elements that are in series and
parallel with the channels is not known. Moreover, neither radius of curva-
ture nor compliance are fixed parameters; both are expected to vary with
applied pressure. We should assume that only a fraction of the apparent
tension arrives at the channel. Published values of the slope of the activa-
tion curves are widely spread and are more likely to represent different
cytoskeletal structures surrounding the channel and differences in patch
geometry rather than differences in the channels themselves.

In the case of a channel in a lipid membrane, the analysis of forces is
simpler than in cells since there is only one phase surrounding the channel
(although different stresses may exist in each monolayer as discussed
below; Evans and Yeung 1994). For a bilayer in a pipette, the tension, 7, can
then be estimated from the pressure gradient, P, and knowledge of the
radius of curvature using the Laplace equation: T=Pr/2, where r is the
radius of curvature and 7 is the tension. The only published case in which
this has been done directly in a patch is in a study of alamethicin, an
antibiotic that produces multimeric channels with multistate conductance
pores (Opsahl and Webb 1994a). In this case the applied tensions were in
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the range of 0-8 dyne/cm and the probability of occupancy of each con-
ductance level changed by =8 dyne/cm/e-fold. This slope sensitivity corre-
sponded to an increase in area of =1.2 nm? for the addition of one mono-
mer. In a more complicated system of spherical protoplasts from yeast,
Gustin et al. (1988) measured mean currents as a function of pressure.
Calculating from their more recent data (Gustin 1991), a vesicle of 0.69 pF
subjected to pressures of 0-8 cmHg had a slope sensitivity of
=0.05 dyne/cm/e-fold with a midpoint at 0.7 dyne/cm. This is equivalent to
a change in area (closed to open) of about 4.9 nm?, corresponding to a
change in diameter 0.15 nm if the channel were 5 nm in diameter. Sokabe
et al. (1991) measured the P, vs. tension slope sensitivity in patches of
chick skeletal muscle and found 3.3 dyne/cm/e-fold. The difference be-
tween the very high slope sensitivity of the yeast data compared to the
chick muscle probably reflects shunting of tension around the channels in
the muscle.

2.1.6
Bilayers as Two Monolayers

The previous discussion of gating models has considered the case of the
lipid membrane being isotropic. However, there exists data suggesting that
the membrane may need to be considered as two monolayers (Evans and
Yeung 1994). Martinac et al. (1990) applied surface active amphipaths with
the intent of modifying the lipid structure and the gating of SACs in E. coli.
The experiments suggested that regardless of which side of the bilayer the
amphipaths inserted, SACs became activated. When the amphipaths were
inserted into both sides, SAC activity returned to the control levels. Similar
data have been reported for MSCs in chick skeletal muscle (Sokabe et al.
1993a).

These surprising effects were modeled by considering the bilayer as two
monolayers that could have different tension, with the sum equal to the
“far field” tension (that tension created by suction in the pipette; Markin
and Martinac 1991). Inserting amphipath molecules into the outer mono-
layer caused it to expand. If the outer and inner monolayers were limited
in the number of available lipids, then expansion of the outer layer would
stretch the inner monolayer and thereby activate the channel. An analogy
for this coupled expansion effect would be pulling on a pair of elastic ropes
{monolayers), and then adding extensions (amphipaths) to one of the
them. The load would be transferred to the shorter of the ropes, increasing
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its tension. When both monolayers contained equal amounts of amphi-

path, the membrane area increased equally in both halves with no increase
in tension in either monolayer and the channel was not activated (Fig. 7).
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Fig. 7A-D. MSCs in bilayers under the influence of applied tension and amphipaths. A The
membrane and the channel at rest. B The membrane is under tension (induced by patch
pressure) that pulls lipid molecules apart and promotes channel opening. C An amphipath
that prefers the upper monolayer is added. This has the primary effect of expanding the upper
monolayer. However, because the number of lipid molecules in each layer is assumed fixed,
expansion of the upper monolayer expands the lower monolayer putting it under increased
tension. The upper monolayer is not stressed because the amphipaths do the work of keeping
the lipids apart. Tension between lipid molecules in the lower monolayer pulls on the channel
activating the gate. D If amphipaths are introduced to both monolayers, neither experiences
a tension increase and channels remain closed
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This bilayer expansion theory is based on a number of unrealistic as-
sumptions: (a) that the membrane is constrained from relaxing to its
natural curvature following addition of amphiphilic spacers to one mono-
layer, (b) that the area of the inner and the outer monolayer are equal, i.e.,
the number of phospholipids in the outer and inner monolayers is un-
changed by either the addition of amphipaths or the application of tension,
and (c) that the SACs activate with tension in either monolayer.

The channel that Martinac et al. (1990) studied required significant far
field tension to be activated even in the presence of amphipaths (To was
large; see above). This meant that both monolayers were under far-field
tension regardless of the presence of the amphipaths. Similar experiments
need to be done on other MSCs with lower Ty values. If MSCs were found
that responded to amphiphaths without far-field tension, the theory would
have to be reevaluated, for in that case the channel would be under com-
pression in the monolayer containing amphipaths and under tension in
the monolayer without amphipaths. If similar results were obtained, it
would signify that the channel only responded to tension and not com-
pression! This asymmetry of response would seem to violate the fluctua-
tion-dissipation theorem that states that thermal fluctuations produce the
same relaxations as small amplitude driving forces, such as alternating
compression and tension.

Markin and Martinac (Markin and Martinac 1991) pointed out some
conflicts between the data and the theory. For example, neutral amphi-
paths produced similar effects, although one might argue that because of
intrinsic differences in the inner and outer monolayers, the neutral amphi-
paths were still asymmetrically distributed. Kubalski et al. (1993) found
that the sensitivity to amphipaths did depend upon the lipid environment.
Elimination of the naturally occurring major lipoprotein reduced the
channel’s native sensitivity and its ability to respond to small amphipaths
such as chloropromazine and trinitrophenol. Also, they pointed out that
the time response of the amphipath effect was hard to explain. Activation
by amphipaths was slow (#1,,=20 min), they argued, because the amphi-
paths that concentrated on the trans side of the application had to undergo
slow diffusion to the opposite side. However, the reversal of trans applied
effects by cis applied amphipaths should be much faster and it was not.
Furthermore, addition of the opposite polarity amphipath could initially
increase, rather than decrease, the effect.

An alternative explanation of their data, and the one originally sug-
gested, is that amphipaths altered the local membrane curvature and that
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gating of the MSCs was sensitive to local curvature (Martinac et al. 1990).
It is known that amphipathic compounds can alter the intrinsic curvature
of lipid bilayers and red cells. However, symmetry of the activation of
MSCs by amphipaths on different sides of the membrane would still be
hard to explain. The MSC would have to be activated by curvature of either
sign. Regardless of the proper theory, the observations of Martinac et al.
(1990) are interesting, and the theory (Markin and Martinac 1991) would
seem to incorporate the basic elements required to explain the data, even
if the assumptions are not satisfied precisely. Their experiments need to be
repeated on other systems and measurements made to test the assump-
tions regarding partitioning and curvature. It will be especially interesting
to know if the observations hold true for the MscL channel that has now
been cloned from E. coli, because that would open the possibility of mo-
lecular analysis of the phenomenon. A useful amphipathic tool may be
chlorotetracycline. In red cells, the drug can reversibly partition into either
the outer or the inner membrane under the control of extracellular Ca?*
levels (Riquelme et al. 1982).

The quantitative treatment of bilayers as two dynamic monolayers has
recently been published (Evans and Yeung 1994; Yeung 1994) and may have
relevance to the dynamic properties of MSCs. When patching bilayers,only
the outer monolayer is in contact with the pipette. Tension produced by a
sudden change in pressure stretches the outer layer,and because of viscous
coupling between the outer and inner monolayers, the inner one is also
stretched. However, if there is excess lipid, the fluid inner monolayer will
relax with time, leaving all the tension borne by the outer monolayer. A
cartoon of this is shown in Fig. 8. The viscous relaxation of bilayer stresses
may account for the “adaptation” or inactivation seen with the MscL
channel in lipid bilayers (Hase et al. 1995). According to Yeung (1994), the
time required for relaxation of the excess density is on the order of, 1=(2r¢
In(2r/rp))I D where r, is the diameter of the vesicle attached to the pipette
(the reservoir of excess lipid), , is the radius of the pipette and D is an
equivalent diffusion constant that has a value of =10~° cm*/s. For ,=10 pm
and rp=1pm, ©=0.6 s, not far from the values observed for MscL (Hase et al.
1995).
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Fig. 8. The effect of monolayer slippage on bilayers and MSC properties. At rest the
membrane is not under much tension, is relatively dense, and the MSC is closed (C).
Following a step of suction, the membrane is pulled upward and stretched against the
attachment to the walls of the pipette. Since the outer and inner monolayers are coupled by
viscosity, both are stretched causing the MSC to open (0). With time, the inner monolayer
flows back to normal density relieving its tension and the MSC inactivates (I)
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3
Methods of Mechanical Stimulation

Given the empirical definition of what constitutes a MSC it is important to
understand the forms of mechanical stimulation that can be used and
some of their limitations. The following methods have been developed for
studying single channels and whole cells:

+ Single channels

- Pressure applied to a patch pipette (Guharay and Sachs 1984)

- Use of gentle patches to reduce cytoskeletal alterations (Hamill and
McBride 1992)

- Hypotonic stress applied to a whole cell while recording single-chan-
nel activity through a cell-attached patch (Ubl et al. 1988; Falke and
Misler 1988)

- Recording single-channel activity during whole-cell recording from
small cells (Gustin et al. 1988)

— Inflating or swelling nucleated patches (these are like extremely large
outside out patches; Paoletti and Ascher 1994)

» Whole-cell currents

— Direct mechanical strain (Davis et al. 1992; Wellner and Isenberg
1994)

- Cell inflation or deflation through a broken-patch whole-cell pipette
(Morris and Horn 1991b; Wan et al. 1995; Gustin et al. 1988)

- Anisotonic stress (see Oliet and Bourque 1993; Ackerman et al. 1994;
Popp et al. 1992; Filipovic and Sackin 1992)

e Reconstituted systems: bilayer, liposomes, membrane blebs

- E. coli MscL in liposomes (Hase et al. 1995)

— Bovine ENaC (epithelial Na* channel) in planar bilayers (Awayda et
al. 1995)

- E. coliin blebs (Saimi et al. 1993)
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3.1
Single Channels

3.1.1
Pressure Stimuli

Single channel events elicited by pipette pressure are readily identifiable as
MSCs when the response is rapid, which generally it is. The key variable is
tension and not pressure. While tension is rarely measured, the pipette
pressure is generally not the same as the trans-patch pressure and the
forces and pressures within the cytoskeleton of the patch are unknown. It
is not universally recognized that even the reported pipette pressures are
commonly in error since there may be offsets due to residual capillary
pressure, fluid column height or errors in the pressure source (e.g., Morris
et al. 1989). The best way to establish a zero pressure reference is to adjust
the offset of the pressure source until there is no flow through the pipette
tip as visualized by the movement of small particles in the bath.

3.1.2
Tension vs. Pressure

A second factor affecting the stimulus magnitude is that the membrane
tension is a function of the trans-patch pressure and the radius of curva-
ture. There is currently no way to know the curvature without directly
visualizing and measuring the geometry of the stimulated patch (Sokabe
et al. 1991). The pipette tip radius is not a good indicator of the relevant
radius for two reasons: the patch generally does not seal at the tip but
further up (Sokabe and Sachs 1990; see Fig. 3), and the radius of curvature
is a function of the trans-patch pressure. The latter effect has been ana-
lyzed by Sokabe and coworkers (1993b) assuming that the membrane is a
two dimensional elastic sheet. The result of this derivation is that the
tension is given implicitly by:

P=(4 Ka/r)(T/Ka)**/(1+T/Ka) 3)

where P is the pressure, Ky is the area elasticity, T is the tension and r is the
radius of the pipette. Some representative relationships are shown in Fig. 9.
The tension is a sensitive function of the patch radius as shown in the
upper panel. An applied pressure of 10 mmHg can produce tensions of 3.9,
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2.9, 1.8 or 1.2 dyne/cm depending upon the patch radius (3, 2, 1, 0.5 pm,
K4=50 dyne/cm). Since outside-out patches in general have smaller radii
(Ruknudin et al. 1991; Sakmann and Neher 1983), MSCs in such patches
tend to be less sensitive to pressure. Patches of larger dimensions should
exhibit MSCs with higher pressure sensitivity. This has important conse-
quences for assessing SAC activity. If a reagent is tested for its effects on
MSCs and this reagent happens to alter the mechanical properties of the
cytoplasm so that larger patches are formed, SAC sensitivity may appear to
have increased when in fact it is unaltered or even decreased. In such a
case, the area elasticity would probably also change, making things even
more uncertain.

In the elastic sheet model of a patch described above, the tension de-
pends on the pressure in a nonlinear manner. Allowance for a resting
tension was left out of the calculation above, although that can be included
(Sokabe et al. 1993b). The existence of resting tension can be shown by
observing the flat (rather than wrinkled) profile of a patch at zero pressure
(Sokabe and Sachs 1990) and by extrapolation of a plot of dA/dT to zero
tension (Sokabe et al. 1993b). Resting tension may be brought about by
adhesion of the membrane to the wall of the pipette (estimated to be
0.5-4 dyne/cm for lipids; Opsahl and Webb 1994b) or by stresses normal to
the membrane arising from a distorted cytoskeleton (see Fig. 3 and Sok-
abe and Sachs 1990a). Measurements of patch mechanics reveal an addi-
tional complexity - the bilayer flows under stress so that the amount of
bilayer within the patch is not constant (Sokabe et al. 1991).

3.1.3
Sharing of Tension

A less easily resolved issue in defining the stimulus is that the membrane
is a complex structure composed of a lipid bilayer, transmembrane pro-
teins, extracellular matrices, and parallel and series membrane bound
cytoskeleton coupled to the interior cortical cytoskeleton through time
and force dependent links. The proportion of the applied stress that
reaches the channel can be time, velocity and history dependent (Sokabe
et al. 1993c; Hamill et al. 1992). A consequence of this lack of controlled
stimulation is that any intervention that appears to affect channel activity
may have its origin in modulation of the cytoskeleton or extracellular
matrix (Chen et al. 1994). Any intervention that affects the way in which
force reaches the channel or affects the size of the patch and its curvature
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can affect estimates of both the channel sensitivity in terms of pressure (or
mean tension) as well as estimates of the channel density.

As has been discussed above, some properties of MSCs are time de-
pendent. Proper studies of such phenomena require fast response pressure
sources. Steps of pressure can be created by using solenoid valves to switch
between fixed pressure reservoirs or by employing feedback systems
(Sachs 1987; Sokabe et al. 1991; McBride and Hamill 1992; Small and
Morris 1994). These may be oil or air filled systems and they can have
risetimes as short as a 1 ms. Despite the tight control one can have over the
pipette pressure, one must be cautious about the trans-patch pressure.
Although the atmospheric pressure of the bath is fixed, the pressure drop
and mechanical stresses created in the cytoplasmic portion of the patch
are not clear (see Fig. 3). The cytoplasm is viscous and resists deformation.
A step of pressure can generally be guaranteed not to produce a step in
tension. Furthermore, one needs to ask, “In what component of the cortex
does the tension change in a prescribed way with a prescribed stimulus?”
Small and Morris (1994) showed that SICs and SACs in the same patch may
have very different response latencies. This result suggests coupling to
different cytoskeletal components, but it may also reflect different inherent
sensitivities (Morris and Horn 1991b). Working with MSCs is much more
difficult than working with voltage or ligand gated channels because there
is no simple stimulator.

3.14
Hypotonic Stress Observed Through Single-Channel Activity

Hypotonic swelling has been used as an alternative or a supplement to
stimulation by suction (Falke and Misler 1989; Filipovic and Sackin 1992;
Sackin 1989). The bath can be diluted (or an inert osmolyte removed) to
swell the whole cell, and in cell-attached mode MSC activity is observed.
By applying suction to the pipette and observing whether the channel
activity increases one can test whether the observed activity arose from
MSCs, as opposed to some other volume-activated ion channel. Without
applying suction, it is unclear whether one is observing MSC activity or
some other channel (Grunder et al. 1992). Since it is known that volume
stress can trigger second messenger cascades,and since some MSCs can be
activated by second messengers (Vandorpe et al. 1994; Rothstein and Mack
1992; Widdicombe et al. 1991; Kim et al. 1995), some uncertainty remains
as to the contribution of different mechanisms to the observed activation.
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3.15
Whole-Cell Stretch

Unfortunately, it is not possible to reliably record single-channel activity
evoked by whole-cell stretch in the cell-attached mode. Sealing of the
membrane to the glass pipette severely alters the distribution of stress and
it is not uncommon for the patch and its adherent cortex to physically
separate from the rest of the cell while maintaining a seal as shown in
Fig. 3. Thus, in general it would not be possible to apply direct mechanical
stress to cells (such as pulling on the ends) while observing the activity of
MSCs in a cell-attached patch. However, it is sometimes possible to ob-
serve single-channel activity (at low resolution because of the low source
impedance) when recording currents from small whole cells or vesicles
(Gustin et al. 1988).

3.2
Whole-Cell Currents

3.2.1
Direct Mechanical Strain

In principle, the simplest form of mechanical stimulation should be
stretching a cell. Unfortunately this is difficult because, in most prepara-
tions, it is difficult to attach pulling probes to the cell without producing
local stress or even damage. Skeletal muscle is one preparation that comes
with attachments in the form of tendons that should make these experi-
ments possible. Unfortunately for the field, although stretch-induced in-
creases in cell Ca®* have been observed (Snowdowne 1986), these do not
depend on extracellular Ca?* suggesting that sarcolemmal channels are
not involved (MSCs in intracellular organelles have not been ruled out,
however). Smooth muscle cells from blood vessels and the urinary bladder
have been stretched (Davis et al. 1992; Wellner and Isenberg 1994, 1995) by
holding them with suction pipettes or wrapping them around glass probes
and voltage clamping with a third pipette. In these cases stretch induced
inward currents have been recorded that appear to match the expected
properties seen with single channels in cell-attached recordings.

Cardiac physiologists have spent a lot of time exploring ways to attach
probes to cells to measure the length dependence of various properties
(Tung and Parikh 1993; Tung and Zou 1995; Brady 1991; Gannier et al.
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1994; Wellner and Isenberg 1994). The best methods to date use carbon
fibers (White et al. 1993) or sticky glass probes (Sasaki et al. 1992; Tung
and Parikh 1993; Palmer et al. 1996) that adhere to the sarcolemma. The
work with carbon fibers (Gannier et al. 1993) suggests that, for reasons not
understood, the strain is rather uniform - when cells are stretched, the
sarcomere spacing doesn’t vary significantly below the attachment site of
the probe. Presumably this means that there is significant rigidity of the
contractile apparatus across the fiber diameter.

There have been a few papers on the effects of whole-cell stretch under
voltage clamp conditions (Sasaki et al. 1992; Wellner and Isenberg 1994;
Davis et al. 1992). In these reports, there was a stretch-induced cationic
current that reversed at =~15 mV. In a different approach, whole-cell
mechanosensitive currents have been evoked by pressing on a spherical
cell with the side of one pipette while voltage clamping with another (Hu
and Sachs 1994, 1995, 1996).

Although voltage clamping is preferred to obtain quantitative data from
excitable cells, current clamp experiments and the use of Ca?* indicators
have shown stretch-induced depolarization and increases in Ca®* in
guinea pig heart cells {White et al. 1993). Similar results were obtained in
chick heart cells (Sigurdson et al. 1992), endothelia (Diamond et al. 1994;
Sigurdson et al. 1993), glia (Charles et al. 1991), osteoclasts (Xia and Ferrier
1995), nodose ganglia (Sharma et al. 1995) and epithelial cells (Boitano et
al. 1994). For example, in the case of the heart cells (Sigurdson et al. 1992),
mechanical deformation induced Ca?* waves initiating from the site of
stimulation. These effects were dependent upon extracellular Ca**,
blocked by Gd3* and by culturing cells under conditions that suppressed
SAC activity. That data also suggested the SACs feed Ca?* to a restricted
volume between the sarcolemma and the sarcoplasmic reticulum so that
the relatively small Ca?* flux through SACs (Yang and Sachs 1990) was
rendered capable of initiating Ca?* release.

In a different version of this Ca?* experiment, endothelial cells (Naruse
and Sokabe 1993) and lung cells (Wirtz and Dobbs 1990) have been ex-
posed to shear stress induced by fluid flow or by growing them on rubber
sheets subjected to radial or linear stresses. In the case of the lung cells,
however, the Ca?* elevation did not appear to be caused by plasmalemmal
MSCs because the response was not sensitive to extracellular Ca’*. In
contrast, by pulling on fibroblasts with a sticky pipette, Hagmann and
coworkers (Hagmann et al. 1992) were able to cause endosomal release in
way that depended upon external Ca?*. This variety of ways in which
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mechanical stress can produce cellular responses points out the need to do
direct patch clamp experiments to verify MSC involvement, at least until
such time that specific pharmacological tools become available.

3.2.2
tnflation

Hydrostatic pressure is sometimes used as a stimulus in broken-patch
whole-cell clamp experiments by inflating the cell through the clamping
pipette (Langton 1993; Morris and Horn 1991b; Wan et al. 1995;
Doroshenko and Neher 1992). It seems possible to inflate the cell this way,
but the distribution of stress is very unclear, as may be envisaged in a
model experiment of injecting water into a ball of gelatin. Complications
may also arise from dilution of the intracellular compartment, although
that seems no worse than the dilution that normally accompanies broken
patch dialysis. A possible artifact arises from the flow of solution through
the pipette that can alter tip potentials via electro-osmotic effects. Langton
(1993) reported that pipette tips often seemed to become mechanically
blocked even when there was no concomitant rise in electrical series
resistance.

323
Hypotonic Stress

Since hypotonic swelling would appear to be a gentle way to deform cells,
it has been the choice of many investigators. Unfortunately, swelling may
have a host of effects on different systems. It leads to dilution of intracellu-
lar components, volume stress on the cytoskeleton, stress on organelles,
possible increases in plasma membrane area (Wan et al. 1995) and direct
activation of some channels including MSCs. We will not review the vast
literature on volume regulation, but in summary, the most common elec-
trical effect of hypotonic stress is an activation of Cl- pathways (Grunder
et al. 1992; Ackerman et al. 1994). The difficulty of interpretation is pointed
out in systems such as Xenopus oocytes that posses cationic SACs, but
exhibit anionic volume activated currents and no evidence of swelling
activated SAC currents (Ackerman et al. 1994). In chick heart cells, strain-
induced whole-cell currents were cationic but volume-stress-induced cur-
rents were anionic {Hu and Sachs 1996). MSCs may be a trigger signal for
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volume regulation (Chen et al. 1996), but their net current is overwhelmed
by the amplified anionic component.

3.3
Reconstituted Systems:
Bilayer, Liposomes, Membrane Blebs

In principle, reconstitution into lipid membranes ought to be a good way
to test isolated MSCs. This has worked well for the MscL channel from E.
coli (Hase et al. 1995; Sukharev et al. 1994a). As discussed Sect. 2, a bilayer
may be subject to adaptation because of shear stresses in the bilayer, but a
more serious conceptual limitation is that there is no evidence that the
bilayers are under any tension in eucaryotic cells. Dai and Sheetz’s (1995)
measurements of neuronal growth cone membrane tension suggest that
in-plane tension in the bilayer of neurons is too weak to have a significant
effect on MSC channel gating. Thus, if one inserted a prototype MSC into a
bilayer (planar or vesicular) and showed activation with stress, the most
likely conclusion is the presence of an artifact: the channel doesn’t see
lipid tension in vivo. This difficulty is serious when attempting to evaluate
a presumptive cloned MSC.

Equally serious problems exist when using planar lipid bilayers instead
of lipid vesicles. Because of the wetting of the support, planar bilayers are
under a substantial resting tension in the range of 1-5 dyne/cm, depend-
ing upon composition (Elliott et al. 1983; Gruen and Wolfe 1982; Ring and
Sandblom 1988; Ring 1992). Thus,a MSC in a planar bilayer would tend to
be activated at “rest.” It may be significant that the resting Popen of epi-
thelial Na* channels in planar bilayers was near 0.5 (Awayda et al. 1995). A
second problem with using planar bilayers for MSC studies is that they are
basically tension clamped. Because of the excess lipid available in the torus
(material around the supporting structure, in more exact terms, the Pla-
teau-Gibbs border), a change in the transmembrane hydrostatic pressure
gradient will not change the membrane tension significantly, but will draw
in more material having the same density (Fig. 10).

Pressure gradients will bow the membrane, but there is almost no
membrane stretching. Laplace’s law is satisfied with changes in radius so
as to maintain constant tension, r=2T/P. Thus, it is unclear how to explain
the results of Awayda et al. (Awayda et al. 1995) in which they showed a
small increase in Popen, with a transmembrane pressure gradient. Perhaps
the channels were sensitive to membrane curvature. In vivo observations
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Fig. 10. Cartoon of the Plateau-Gibbs Partition
border (torus) of a planar lipid bi-
layer. The thickness of the partition
between chambers is actually much
wider than indicated in the drawing,
The empty spaces between the parti-
tion and the bilayer are filled with
micelles, and possibly the lipid sol-
vent, that serve as a buffer of excess
material to flow under the influence
of tension caused by bowing. The
contact angles of the border/bilayer
provide resting tension that stretches
the bilayer flat. As the membrane
bows under a hydrostatic gradient,
the contact angles on the right and
left sides change slightly providing
for a second order increase in tension

from the collecting tubule show that in some patches the epithelial Na*
channel gating is stretch sensitive (Palmer and Frindt 1996).

Finally, there is a general problem in applying tension to bilayers: the
partitioning of materials into the membrane increases as the density de-
creases {Gruen and Wolfe 1982). This may account for the increase in peak
currents observed to follow repeated stress of membranes containing
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MscL channels (Hase et al. 1995). With each application of tension, more
monomers enter the membrane to form channels that are then available
for activation with the next stimulus. Any lipophilic molecule will parti-
tion into the membrane, including contaminants, and the magnitude of the
effect increases with molecular size (Gruen and Wolfe 1982; Lehtonen and
Kinnunen 1995). It is possible that tension induced partitioning of fatty
acids (Kim 1992) and other amphiphiles may affect the gating of MSCs and
perhaps make channels that are not intrinsically MSCs appear to be
mechanosensitive.

In summary, the lack of a simple stimulator for MSCs has contributed to
slow progress in the field. Awareness of the potential errorsand limitations
of the methodology, however, should improve the quality of experiments
and permit further progress.

4
Structure

What structural information is available about MSCs? The answer is: very
little. Nevertheless, several of the rather disparate channels that exhibit
mechanosensitive gating at the single-channel level in some preparations
have been cloned, and these allow us to assert that Nature’s requirements
for MSCs must be rather catholic. The cloned channels in question are:
MscL from bacteria (Sukharev et al. 1994a), the NMDA channel, a gluta-
mate activated nonselective cation channel (Paoletti and Ascher 1994),
smooth muscle Ca-activated K channels (Dopico et al. 1994; McCobb et al.
1995), a G-protein regulated K-permeant inward rectifier, GIRK (Krapivin-
sky et al. 1995; Pleusamran and Kim 1995). Of these, only the MscL was
cloned because of its mechanosensitivity. The small peptide subunit
(=15 kDa) coded by the MscL gene forms multimers with a central pore
region, but the putative hexameric structure (Sukharev et al. 1996a) differs
from either the five-subunit heteromultimer that constitutes the NMDA
channel, the tetramers (presumably) of the Ca-activated K channels
(McCobb et al. 1995) and the four-subunit heteromers of GIRK (Krapivin-
sky et al. 1995). The MscL peptide itself appears not to be homologous to
any other peptide although its 3 nS conductance is similar to that of the
bacterial porins. At this stage it seems fair to say that there are no stringent
requirements on global structure for a channel to exhibit some
mechanosensitivity. Since it is unknown whether any of these channels
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uses its mechanosensitivity in situ, it is possible that their diverse struc-
tures are irrelevant for mechanosensitive gating. Weak mechanosensitive
gating may occur in the same manner as weak voltage dependent gating;
simply by spanning membranes with intense electric fields, channels be-
come susceptible to membrane potential effects. Weak voltage sensitivity
is physiologically trivial and requires no differentiated protein structures,
such as the recurrently charged S4 segments of “true” voltage-gated chan-
nels. Likewise, it may be that the regular gating motions of weakly MSCs
cannot be entirely shielded from mechanical interference, so that intense
mechanical stimuli can affect these gating motions.

4.1
Mechanosensitivity of Ligand-Gated Channels

Extracellular ligands and cytoplasmic or membrane-delimited second
messenger molecules are all,in the final analysis, ligands. Various channels
can be activated via ligands of second messenger systems as well as by
membrane stretch. Such channels include the K-selective Aplysia S chan-
nel (Vandorpe and Morris 1992}, and cation channels in osteoblasts (Dun-
can et al. 1992), hepatocytes (Bear and Li 1991; Bear 1990) and kidney cells
(Marunaka et al. 1994; Verrey et al. 1995). Intracellular calcium qualifies as
both ligand and second messenger. Ca-activated K channels in smooth
muscle (Dopico et al. 1994) and kidney (Taniguchi and Guggio 1989)
exhibit mechanosensitivity. There remain questions, however, as to
whether the CaK channels themselves are stretch sensitive or whether they
are coupled to “true” stretch activated channels through a direct Ca?* flux
or Ca’* flux mediated via Na/Ca exchange. Na Glutamate is an extracellular
ligand; and one class of glutamate-activated channels exhibits
mechanosensitivity (Paoletti and Ascher 1994). It becomes a question of
definition as to whether one should call these mechanosensitive channels
that are also ligand sensitive, or ligand sensitive channels that are also
mechanosensitive. Where knowledge permits, the name should first reflect
the most physiologically relevant source of free energy, and should be
modified by the alternate source, but our understanding of the multiple
roles of channels is still too rudimentary for us to follow this course with
any accuracy.

One example about which we do have some information is the NMDA
channel. This channel is known to respond to glutamate in a physiological
context, and it cannot be opened by stretch alone (Paoletti and Ascher
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1994). Thus, we would call it a ligand gated channel that is modulated by
tension. This is straightforward because ligand-binding seems to be more
effective than increased membrane tension in lowering the free energy
difference between open and closed states. But what of the Aplysia S-chan-
nel (Vandorpe et al. 1994; Vandorpe and Morris 1992)? It is physiologically
activated by arachidonic acid metabolites and inhibited by an A-kinase;
the levels of these “ligands” are controlled via the neurotransmitters
FMRFamide and serotonin, respectively. Under patch clamp conditions,
however, it can be activated by stretch alone, and the maximal effect of
stretch greatly exceeds that of the arachidonic acid metabolites. SA K
channels akin to the S-channel are ubiquitous in molluscan neurons (Be-
dard and Morris 1992; Morris 1992), but it is only in identified neurons of
Aplysia that we know what neurotransmitter systems control the channels.
The channels do not readily activate with mechanical stimuli in situ (Mor-
ris and Horn 1991b); yet, “SA K channel” is currently the best designation
we have for these channels. We may currently be designating other chan-
nels as “MS channels,” perhaps even the Xenopus oocyte MS channel
(Steffensen et al. 1991) or the bacterial MscL, simply because the primary
physiological stimulus has not been identified.

4.2
Role of Auxiliary Structures

The most distinctive features of specialized mechanoreceptor cells, such as
the hair cells of the cochlea (Ashmore 1991; Hackney and Furness 1995),
are not the channel properties, but the elaborate mechanical impedance
matching structures that are used to apply force to the MSCs. It would
appear that the extraordinary sensitivity of the hair cells, limited only by
thermal noise (Denk et al. 1989; Denk and Webb 1992), arises from exqui-
sitely orchestrated focusing of mechanical energy on channels that, in and
of themselves, are not much different from those that occur in nonspecial-
ized cells (Sachs 1988). The mechanical impedance matching devices of
hair cells are extracellular and are dependent on highly specialized cell
structure, and the nonspecialized cells do not appear to possess such
specializations. It is reasonable to ask, then, whether MSCs require linkage
to elements of the intracellular membrane skeleton and, conversely, is a
linkage to the membrane skeleton sufficient to render a channel
mechanosensitive? The answer to the first questions is “no,” and to the
second question is “probably not.”
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In nonspecialized cells, where MS channels have been identified by
single-channel recording, macroscopic cellular structures are clearly not
required for channel mechanosensitivity. The general membrane/cortex is
a favorable environment, although it is not yet clear what the relevant
forces are and how they are coupled to external stimuli. Clearly, patch
formation stresses are not the relevant physiological input! The specialized
mechanoreceptors such as Pacinian corpuscles, Meissner cells, muscle
spindles and hair cells show a profound attention to structural specializa-
tion (Akoev et al. 1988). Coupling to these structures seems directed at
selecting certain stresses and rejecting others. In the case of hair cells,
stimulation along the axis of short to long cilia is extremely effective in
producing an output, whereas stimulation normal to that axis produces a
minimal response (Hudspeth 1989).

43
Activation Through the Bilayer

The bacterial channel, MscL, reconstituted into a lipid bilayer, gates in
essentially the same way that it does in protoplasts or spheroplasts (Suk-
harev et al. 1993; Hase et al. 1995). In this case, at least, the need for a
connection to the membrane skeleton can be ruled out. It is worth noting,
however, that the MscL channels in bilayers appear more sensitive to
tension than they are in protoplasts. If one makes the (dangerous) assump-
tion that the patch geometry is the same in both cases, in the more com-
plex membrane structure of the protoplasts some tension skirts the chan-
nel. A different channel, the antibiotic alamethicin, which forms mul-
timeric, multistate, channels in liposomes, exhibits mechanosensitive
gating at all conductance levels (Opsahl and Webb 1994a), although there
is probably no physiological value to possessing this capability.

4.4
Linkage to the Membrane Skeleton

It is known that a variety of well-characterized membrane channels and
transporters are tethered to the membrane skeleton either via ankyrin
(Lambert and Bennett 1993) or directly (Rotin et al. 1994). Certain voltage-
dependent K channels are anchored to members of the post-synaptic
density family of proteins (Kim et al. 1995). The fact that these anchored
proteins have not been characterized as mechanosensitive does not prove



36 F. Sachs and C. E. Morris

that they are insensitive - the question remains open. Certainly, however,
there is no need to invoke mechanosensitivity as a reason for anchorage.
Transporters may anchor to the membrane skeleton in order stay fixed at
some cellular locale or, alternatively, the transporters may serve as anchors
for the membrane skeleton. In erythrocytes, the anion exchanger Band 3
supposedly anchors spectrin close to the membrane for mechanical rein-
forcement of the cell. A distinct advantage for coupling to the membrane
skeleton may occur in transporters which deliver metabolites to, say, skele-
tal muscle, but it is probably counterproductive for many anchored mem-
brane enzymes to allow their activity to be influenced by mechanical
stress. Thus, in asking how and if specialized channel/membrane skeletal
linkages might be used by MSCs to convey force to the channel, we might
well also ask what features can make such linkage stress-proof. It will
probably be necessary to reconstitute such assemblages in order to explore
these issues.

4.5
Evidence for Cytoskeletal Involvement

When MSCs were first described in muscle cells, the cells were treated with
tubulin and actin reagents to test involvement of the cytoskeleton. It was
shown that tubulins had no significant effect, but cytochalasins increased
the channels’ stretch sensitivity (Guharay and Sachs 1984). Clearly then,
neither tubulin nor f-actin could be implicated as necessary for
mechanosensitive gating (however, membrane bound actin may not be
sensitive to cytochalasin since its turnover rate is slow). It was postulated
that MSCs were normally linked into a component of the membrane skele-
ton parallel to the actin network, so that when actin was depolymerized,
stress was transferred to the channel-linked component. The identity of
that component has not been resolved, although it would appear not to be
dystrophin since MSCs are active in dystrophic muscle cells (Franco et al.
1991; Franco and Lansman 1990; Haws and Lansman 1991; Lansman and
Franco 1991; Franco-Obregon and Lansman 1994). Recent data from C.
elegans suggests that mechanosensory channels incorporating the product
of the gene, mec-2, may be linked to tubulin (Huang et al. 1995) and to the
extracellular matrix structures (Driscoll 1996).

For eucaryotic systems, is it necessary to invoke a series coupling to the
cytoskeleton? Or, or can forces be transmitted directly through the bilayer?
While there is no a priori reason to reject coupling through the bilayer,
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there are no data to suggest that the bilayer is under significant stress
except during lysis (Sheetz and Dai 1996). Arguing against significant
strain in the bilayer is the fact that the elastic constant of patches is much
less than that of lipid membranes (Sokabe et al. 1991). Because adhesion of
the membrane to the glass of the pipette tip produces a resting patch
tension that tends to unwrinkle folds, patched membrane should be more
sensitive to lipid stress than an intact cell, and yet the stress seems not be
borne primarily by the bilayer. A similar conclusion can be reached by
analysis of cell swelling induced by hypotonic stress. With swelling, the
increase in apparent cell area is much more than can be sustained by the
3%-5% maximal distention of a lipid membrane and, where there is no
capacitance change, we must argue that changes in apparent area are
primarily brought about by the unfolding of wrinkles produced by the
cytoskeleton. Although there are (model-dependent) ways to assess mem-
brane tension in intact cellular membranes (e.g., Dai and Sheetz 1995), it is
still not possible to measure bilayer tension under reversible strain in such
a way as to determine the residual fraction of cortical stress (i.e., the
membrane tension) borne by the bilayer.

It has been repeatedly shown that MSCs can retain their mechanosensi-
tivity in excised patches, and it is known from electron microscopy that
excised patches have a cytoskeletal structure (Ruknudin et al. 1991). A
suggestive bit of evidence that elements of the membrane skeleton may be
required even in excised patches, is that when patching membrane blebs,
structures in which much of the cytoskeleton is disrupted (Tank et al.
1982), MSC activity is generally absent, even when intact adjacent mem-
brane does show activity (Sachs 1988). Vesicles created by formaldehyde
treatment of Xenopus oocytes show little cytoskeletal structure, yet they
do retain (modified) MSC activity (Zhang et al. 1996). It will necessary
therefore be to carefully document the cytoskeletal protein content of
these vesicles.

A different kind of indirect evidence for cytoskeletal involvement was
presented by Sokabe et al. (1991), who measured the capacitance, elasticity
and channel activity of patches. The data showed that the applied pressure
increased the membrane capacitance and that this increase could be ac-
counted for by a flow of lipids into the patch. In these experiments, the
location of the patch attachment to the pipette did not change under
pressure, and, since the lipids could flow, there seemed little alternative to
assuming that the membrane skeleton must account for the long range
order that stopped the patch from moving and accounted for the patch’s
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measurable elasticity. When SAC activity was measured as a function of
the calculated tension (with the radius of curvature of the patch taken to
be the value seen in the light microscope), patches of different curvature
had the same sensitivity suggesting that the tension activating the chan-
nels was, in fact, proportional to the calculated tension, and that it was this
tension that also accounted for the change in area. The elastic constant for
the patch was a soft =50 dyne/cm, far smaller than the elastic constant of
lipids that are =500-1500 dyne/cm (Evans and Needham 1987). Thus, the
stress that activated the channels seemed to be borne by cytoskeleton. The
finding that the elastic constant of skeletal muscle patches was insensitive
to cytochalasin (Sokabe et al. 1991) suggests that actin structure was
already disrupted by the act of patch formation (Small and Morris 1994)
and that other membrane skeletal elements, perhaps spectrin, constitute
the elements that transfer mechanical energy to the channel.

These experiments point out potential difficulties in the interpretation
of data on patch mechanics because fibrous components may be folded or
buckled at one tension and hence invisible to small stretches (you can pull
a chain, but you can’t push it!). If one were to remove a stress bearing
element of the membrane skeleton from a patch at constant pressure, the
apparent patch area would increase. However, the elasticity, Ka=dA/dT,
might be higher or lower than the control, depending upon the constitu-
tive properties of the remaining structures (Fig. 3). For example, one
might compare the elasticity of normal and dystrophic muscle to estimate
the load borne by dystrophin. If dystrophin was the dominant load bearing
element, a patch formed from normal cells would reflect dystrophin’s
elasticity. A patch from dystrophic cells would form with the load distrib-
uted on elements that were not previously loaded. These elements may be
more or less compliant than dystrophin (see Fig. 11).

The role of the extracellular matrix in MSC function has been barely
touched. Inhibition of growth of the matrix improves seal formation in a
renal cell line but does not block MSC activation (Izu and Sachs 1991).
Similar results on improved sealing and additionally increased vesicle
formation were seen in smooth muscle (Olesen 1995). These data suggest
a mechanical involvement of the matrix, but no direct measurements are
available.
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Fig. 11. Two units of membrane subjected to tension {arrows) slack in different coupling
elements. Removal of the stiff element (upper panel) does not affect the elasticity of
membrane until the stretch is sufficient to remove the slack of the upper element. This
membrane appears soft for small deformations. If a patch is formed from these two example
membranes, and the load-bearing element is removed while the patch is under observation,
we observe an increase in apparent patch area giving a clue as to the loss of a load
bearing-element. However, if a patch is formed from the membrane in which the load bearing
element has already been removed, there is no indication that the original load-bearing
element has any role to play. Currently we cannot identify these various components with
any particular proteins of the cytoskeleton

4.6
Mechanically Fragile Aspects of MSC Channel Behavior

The mechanical properties of patches are labile and history dependent
(Small and Morris 1994; Hamill and McBride 1992). Using fibroblasts
grown on rubber sheets, Pender and McCulloch (1991) showed that stretch
caused f-actin to nearly disappear within 10 s and to reappear at twice
control levels when the cells were left to rest for 1 min. Patch formation
and stretch stimulation of cells will probably have qualitatively similar
influences on f-actin disassembly (Small and Morris 1994; Sokabe et al.
1993c).

Unfortunately, the cytoskeleton cannot usually be removed acutely
from a given patch. Inevitably, therefore, patches are sampled from mem-
brane whose mechanical status is dependent on a variable state of the
underlying cytoskeleton. Moreover, the size, and hence the radius, of a
patch can vary as well as the constitutive mechanical properties; variation
in size creates different tensions for the same pressure (Sokabe et al.
1993b), regardless of any local variations in the constitutive properties.
Without observing the dimensions of the patch (Sokabe et al. 1991) and
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knowing the mechanical history of the patch, one cannot be sure of the
origin of changes in activation following any treatment.

Regardless of the difficulty in quantifying the sharing of tension among
cortical elements, the status of cytoskeletal linkages seems to be critical in
MSC function. Confirmation that an intact cortical cytoskeleton can buffer
MSCs from mechanical stimuli comes from work with snail neuron
stretch-activated K* channels (Small and Morris 1994)and from stretch-
activated Cl- channels in kidney cells (Schwiebert et al. 1994). In the latter
case, it seems plausible that actin-polymerization can attenuate the
mechanosensitive response of the channels.

It should be emphasized that the stresses involved in seal formation of a
patch can influence not only MSCs, but other channels including tradi-
tional voltage-sensitive Na* channels (Fahlke and Rudel 1992) as well.

4.6.1
Gentle Patches

In molluscan neurons and in Xenopus oocytes, activation of SACs follow-
ing a step stimulus of suction has been studied in “gentle” patches, i.e.,
ones formed using minimal mechanical disruption (Small and Morris
1994; Hamill and McBride 1992). A cartoon depicting expected patch
structure before and after mechanical disruption produced by “nongentle”
stimulation is shown in Fig. 12. The responses of MSCs in the gentle
patches differ from those in disrupted patches. Gentle patches from oo-
cytes show rapid adaptation while snail neuron channels show delayed
activation. The existence of delay in molluscan neurons and of adaptation
in Xenopus oocytes that have not been subjected to disruptive mechanical
stimuli cannot be explained by possible smaller patch size associated with
nongentle patches.

In gentle patches made on molluscan neurons, SA channel activation in
response to a “first hit” (a relatively large step of applied suction) proceeds
only after a delay. The first hit delay is sufficiently long - >2 s at
-130 mmHg - that decreases in delay produced by various treatments are
easily detected. In fact, delay decreases steeply whenever cortical cy-
toskeleton integrity is compromised. Treatments that decrease delay in-
clude repetition of mechanical stimulation, use of larger mechanical stim-
uli, pretreatment with cytochalasin (drugs that promotes actin depolym-
erization), use of recently isolated (i.e., recently disrupted) cultured
neurons, hyposmotic swelling of neurons, exposure to the sulfhydryl re-
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Fig. 12. Interpretation of a “gentle” patch (left) and a repeatedly exercised patch (right). The
membrane skeleton is shown as the curly strands near the top and the interior cytoskeleton
as the shaded region. An MSC is shown attached to the membrane skeleton

agent, N-ethylmaleimide, and elevation of intracellular Ca** (Small and
Morris 1994; Morris 1996). In addition to a shorter delay, these treatments
also lead to increased levels of activity of the channels for the same pres-
sure. Thus, in two ways, speed of response to mechanical stimulation and
extent of activation; an intact cortical cytoskeleton makes it more difficult
to activate these channels. If considerably smaller first-hit pressures are
used (say, -20 to -50 mmHg) on gentle patches, delays of tens of seconds
are readily obtained, even though in “primed” snail neuron patches (exer-
cised “nongentle patches”), channels are routinely activated by
-20 mmHg, for example (Small and Morris 1995, 1995a). Delayed activa-
tion of SACs (=30 s) has also been reported by Kim and colleagues (1993).
Although the volume-activated Cl channel in lymphocytes has not been
confirmed as a stretch-activated channel it is notable that comparable
delays occur during activation of this conductance mechanism (Lewis et
al. 1993). It is possible, however, that this delay is caused by the need to
integrate the osmotic water flux to produce a change in volume.



42 F Sachs and C. E. Morris

46.2
Whole-Cell Time-Dependent Responses

Confounding effects caused by increasing patch size following repeated
stimulation do not arise in whole-cell experiments and there are a number
of whole-cell experiments in which repeated mechanical stimulation in-
creases cellular responsiveness. These experiments were done with
osteoblasts (Duncan and Hruska 1994) and heart cells (White et al. 1993;
Sasaki et al. 1992). A consistent hypothesis is that the thixotropic proper-
ties of actin, in which mechanical stimulation of actin gels promotes the
sol-state of actin (Dennerll et al. 1988), may affect net MSC sensitivity.

There is now an example of a neuron which reveals its MS cation
currents at both the whole-cell and single-channel (patch) levels (Oliet and
Bourque 1996), making a good prototype for extending single-channel
observations. Where macroscopic currents are detectable, it is important
to consider the state of the cell. When GH3 cells are inflated through a
whole-cell pipette, MS currents only appear after irreversible inflation is
effected (Morris and Horn 1991b), suggesting that cortical disruption may
enhance access of mechanical stimuli to the channels. Failure to disrupt
the cortex may explain why, in snail neurons (Wan et al. 1995), application
of pressure via a whole-cell pipette seldom yields MS current, but pro-
longed neuronal inflation, engendered by osmotic swelling, does induce
current (Wan et al. 1995). Perhaps disruption is more extensive with os-
motic swelling.

In patches from chick skeletal muscle, Sachs and coworkers (Sachs 1987;
Sokabe et al. 1991) found properties that would be consistent with this
idea. A step of pressure led to a slow (=0.5 s) increase in patch area and
channel activity. That is, although there were changes in local stress, the
stress seemed to be shunted across the channels. Sustained deformation,
however, did produce responses - this is evidence of an effective viscosity.
Because of the compliance of the parallel and series elements of the cy-
toskeleton, MSCs in situ may behave as detectors of macroscopic strain
rather than stress. As implied in Fig. 12, changes in patch size and changes
in cortical integrity are correlated, so one can expect the interpretation of
input/output relations for the channels to be fraught with difficulty.
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4.6.3
Effects of Repeated Stimulation

Delayed activation is not universal. Hamill and McBride (1992) showed
that in Xenopus oocytes, the MSC response to a step of pressure is close to
being limited by the rise time of the pressure. The pressure stepping
apparatus used by Small and Morris (1994) for both oocytes and snail
neurons had a slower rise time, but, like Hamill and McBride (1992), they
obtained immediate activation in Xenopus oocytes. A similarity of these
two very different preparations is that repeated stimulation effectively
abolishes the dynamic aspects of the response. In neurons, the delay is lost,
and in Xenopus oocytes, the rapidly adapting part of the response (Hamill
and McBride 1992) is lost. In “traumatized” patches from either prepara-
tion, a step stimulus leads immediately to a sustained increase in channel
activity. Overall, this suggests, not surprisingly, that in intact oocytes and
intact neurons, cytoskeletal arrangements that affect channel behavior can
differ.

It is important to keep the dynamic and fragile responses of MSCs in
mind when interpreting data. For example, if a 1 s pulse of -50 mmHg
were applied to a gentle patch on a snail neuron, one might conclude that
the neurons lacked SACs. Longer stimulation would, however, reveal chan-
nel activity. In the opposite case, a phasically responding system (dis-
cussed below) would not exhibit channel activity unless the pressure were
applied rapidly. Moreover, where the phasic response is mechanically frag-
ile, it would be easy to observe only the small tonic fraction of the response
and therefore overlook possible physiological roles for the MSCs involved.

Phasic responses are seen in cells as diverse as tunicate (Moody and
Bosma 1989) and amphibian oocytes (Hamill and McBride 1992), as well
as yeast (Gustin 1992) and bacterial MSCs (Hase et al. 1995).In no case do
we understand the role of these channels. Although it seems likely that the
cytoskeleton is implicated in these cellular systems, the observation of
adapting responses by bacterial MscL channels reconstituted into
liposomes (Hase et al. 1995) raises the possibility of alternate modes of
adaptation involving only the channel and the bilayer (see Sect. 2).

The fragility of MSC dynamic responses opens the possibility for sub-
stantial modification of MSC responses by agents, particularly hormones,
capable of modifying the cytoskeleton. For example, vasopressin causes
actin depolymerization and SAC activation in kidney cells (Verrey et al.
1995). During the cell cycle there are major cytoskeletal rearrangements
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that may account for the observations (Medina and Bregestovski 1991;
Bregestovski et al. 1992) that SAC sensitivity varies during the cycle.

Large variations in mechanosensitivity that are dependent on varying
cytoskeletal structure may also account for apparent variations in the
density of SACs toward hyphal tips in fungi (Levina et al. 1994). Although
the authors suggest, quite plausibly, that actin causes the channels to
cluster, either by linking channels to the cytoskeleton or by increasing
transport of channels to the tip, regional variations in effective patch size
and/or compliance could explain the data. In other words, channels may be
present at uniform density but they may be difficult to stimulate mechani-
cally in “old” membrane far from the tip and easy to stimulate in “new”
membrane near the tip. This echoes the results for molluscan neurons in
which SACs become more and more difficult to activate with mechanical
stimuli as the neurons become better established in culture (Smalt and
Morris 1994).

The cytoskeleton also seems to affect weakly mechanosensitive ligand-
gated channels. The activity of NMDA channels can be potentiated by
pipette suction in outside-out patches, inside-out patches and cell-at-
tached patches (Paoletti and Ascher 1994). By contrast, kainate-activated
glutamate channels in the same patches are not mechanosensitive. The
potentiation by pressure is not large compared to many MSCs - threefold
increases in activity with about 280 mbar (+65 mmHg). However, succes-
sive stimuli yield progressively larger effects, suggesting that the receptor
sensitivity of NMDA channels to stretch might be increased by disrupting
the cytoskeleton. As mentioned earlier, NMDA responses to stretch in the
whole-cell mode tend to support this view, since osmosensitivity only
became evident after prolonged dialysis. The experiments were performed
in the presence of internal pH and pCa buffers, without ATP or GTP,and in
the presence of F- (which blocks most phosphatases), so that the “run-up”
of mechanosensitivity is likely related to improved transfer of force to the
NMDA channels. Confounding this interpretation, however, Rosenmund
and Westbrook (1993) reported that cytochalasins produce NMDA current
rundown while phalloidin stabilizes the response.

4.7
Adaptation of Mechanosensitive Channels

As mentioned above, SACs from widely varying cell types exhibit inactiva-
tion or adaptation in the face of sustained steps of applied suction. The
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Fig. 13. Response of Xenopus oocyte MSCs to a two-step staircase of pressure. Upper trace,
two steps of suction, 8 mmHg each; lower trace, the MSC current (produced by many
channels). (From Hamill and McBride 1992, with permission}

phenomenon was noted in yeast (Gustin et al. 1988; Gustin 1992), tunicate
eggs (Moody and Bosma 1989), and most recently in Xenopus oocytes
(Hamill and McBride 1992). For the Xenopus channels, a pressure servo
(McBride and Hamill 1992) or switched pressure source (Small and Morris
1994) were used for making the step stimuli. Figure 13 shows an example
of adaptation. There are a number of intriguing results from this work, but
it is important to realize that the results do not the represent typical
properties of most MSCs.

The first interesting feature is that with to a two-step staircase of pres-
sure, the peak responses are the same amplitude, and both responses decay
to near the baseline - there is no steady state activation nor any accumu-
lated inactivation! In contrast, were this a classical Na* channel, the inacti-
vation produced by the first step would reduce the peak response to the
second step. This kind of “recovered” inactivation is called adaptation. It is
seen in other channels, notably the Ca?* release channels of intracellular
stores (Gyorke and Fill 1993). There are two basic ways to explain this
phenomenon: adaptive state kinetics (Sachs et al. 1995) and viscous cou-
pling. The kinetic model explanation, is shown in Fig. 14,

The adaptive behavior can be understood by examining the extreme
cases, tensions T=0 and T=eco. When T=0, ky3 and ki4=0 and the channel
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oscillates between states 1 and 2 establishing the resting probability of
being open. When T=ce, ka3 and ki4=c< and the channel oscillates between
states 3 and 4 establishing the saturated probability of being open. If
ki2/kz21=Kkza/kas then the probability of being open in the two cases is equal
and there is no steady state response. The response to a step can be seen if
one assumes that at rest most channels are in C;. When a step of T is
applied, channels move from state 1 to 4, producing current. The channels
in open state 4 then slowly decay to closed state 3, causing adaptation.

In attempting to fit the model in Fig. 14 to Hamill and McBride’s (1992)
staircase data, quantitative conflicts appear (Sachs, unpublished). If the
probability of being open at rest is small, as appears to be the case, then
obtaining equal sized peaks requires that each step only alter the popula-
tion of C; only slightly. This means that the peak currents represent activ-
ity of only a small fraction of the available channels so that the channel
density would have to be orders of magnitude higher than that estimated
from steady state experiments. While this conclusion is possible, it seems
unlikely. With repeated stimulation of oocyte patches, adaptation is lost
but the channels show steady state activation (see Yang and Sachs 1990;
Methfessel et al. 1986) that is smaller than the peak currents seen when
adaptation is intact (Hamill and McBride 1992). Changes can be made to
the model of Fig. 14 by adding states, but no state model that is in detailed
balance will allow a staircase stimulus to produce equal sized responses in
more than two steps. Experiments using multiple steps would prove very
useful.
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An alternative explanation for adaptation is that it arises from relaxa-
tion of the stimulus through a viscoelastic coupling as shown in Fig. 15.
This model has the advantage of allowing a large number of equal ampli-
tude peak responses in a staircase. Involvement of the cytoskeleton is also
suggested by the observation that repeated stimulation can disrupt adap-
tation without blocking activation (Hamill and McBride 1992). However,
additional data on the voltage dependence of the adaptation makes strict
cytoskeletal dominance of adaptation unlikely.

Figure 16 shows that adaptation is present only at hyperpolarized po-
tentials. Since the cytoskeleton is outside the membrane field, the voltage
dependency of adaptation for a cytoskeletal model would imply a voltage
dependent viscosity. This would have to arise from interaction of the
cytoskeleton with charged intramembrane components. The charges must
be significant since the time constant of adaptation changes from =50 ms
at -100 mV to =0 at +100 mV. Highly voltage dependent membrane mo-
tors have been observed in outer hair cells of the cochlea, but these seem
to be associated with elaborate and organized internal structures (Holley
and Ashmore 1990).

It is possible to explain the basic features of voltage dependent adapta-
tion with the adapting kinetic model of Fig. 14 by allowing the horizontal
reactions to be voltage sensitive. For example, if kq3 were to decrease and
ki2 increase with depolarization, adaptation rates and the magnitude of
the peak currents would be reduced. It remains to be seen whether the data
can be accounted for quantitatively. It is possible that the channel is not in
detailed balance; i.e., it is using energy from the electrochemical flux. This
flux is not Ca®* since adaptation appears to be Ca?* independent (Hamill
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Fig. 16. The effect of membrane potential on adaptation in Xenopus oocytes. (From Hamill
and McBride 1992, with permission)

and McBride 1992). If the channel is not in detailed balance, its rate of
adaptation should be affected by the direction of the current at constant
voltage; this is testable by varying the ionic gradients.

One might imagine that the ideal test for the origin of adaptation would
be the MscL channel reconstituted in a bilayer, since the cytoskeletal
mechanics are eliminated. Martinac and coworkers (Hase et al. 1995) re-
cently demonstrated that MscL makes transient responses to tension in a
bilayer! Unfortunately, they used only single step stimulation and did not
examine the voltage dependence, so it unknown whether the response
represents inactivation or adaptation. The basic response, however, is re-
markably similar to that seen in Xenopus. As discussed in Sect. 2, the MscL
adaptation may be caused by viscous relaxation associated with slippage
of one monolayer over the other.
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4.8
Physiological Role of Adaptation

The possible physiological significance of adaptation, as seen at the single-
channel level, remains to be determined. It has a clear role in the phasic
behavior of specialized mechanoreceptors such as the muscle spindle and
the Pacinian corpuscle, where it emphasizes changes in the stimulus
(Munger and Ide 1987; Akoev et al. 1988). At the cellular level, output
adaptation may have nothing to do with the cytoskeleton or MSCs. Where
it has been studied in mechanosensitive cells, adaptation is mediated by
activation of K* currents (French 1986; Swerup 1983; Erxleben 1993; Well-
ner and Isenberg 1995). A case in point is urinary bladder myocytes:
Studies with the whole-cell clamp suggest that SACs mediate stretch-in-
duced inward currents (Wellner and Isenberg 1995). Myocyte stretch dur-
ing rapid bladder filling would thus increase the myocyte’s level of sponta-
neous electrical activity. In the face of continued extension, there would be
a slow fall in muscle tone and a relaxation of the bladder. Why Mother
Nature would think this behavior is good is unclear to us! In a single-chan-
nel patch clamp study of myocyte SACs (Wellner and Isenberg 1995), no
evidence was found for adaptation, but it is possible that the stresses of
patch formation destroyed adaptation (Hamill et al. 1992; Small and Mor-
ris 1994). The authors suggested that adaptation was a secondary effect of
SAC activation: Ca?* influx activating large conductance Ca®* activated K
(BK) channels. The Ca?* sensitivity of BK channels and the stretch sensi-
tivity of the cationic SACs were both enhanced by cAMP.

It is difficult to hypothesize about evolutionary advantages of adapta-
tion in an undifferentiated cell like the oocyte, but it is easy to imagine the
advantages of the more common “low-pass filtering” effects (Sokabe et al.
1991; Small and Morris 1994). A muscle or bone cell may need to be
informed of sustained mechanical inputs in order to modify some aspect
of its metabolism (volume regulation, Ca®* loading, triggering of protein
synthesis), but to have it subjected to large electrical inputs when momen-
tarily stressed may be counterproductive.
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5

Pharmacology of MSCs

F. Sachs and C. E. Morris

This area has proved to be a nagging problem. There are no specific drugs
available to modify MSCs. Progress is beginning to be made in this area,
however, as drug profiles are developed for the channels. There are many
reports of blockers (Table 3), but few reports about channel activators

(Table 4).

Table 3. Effects of blocking drugs on MSCs and other mechanical processes

Drug 1Cso (uM)  Preparation Reference
Gd** 5 Xenopus oocyte, SAC Cat Yang and Sachs (1989)
= Xenopus myocyte, SAC Yang and Sachs (1989)
100, ne Lymnea neuron, SAC K* Small and Morris (1995)
44 mdx mouse SIC Cat Franco et al. (1991)
=500 E. coli Hase et al. (1995),
Berrier et al. (1992)
Dog heart arrhythmias Hansen et al. (1991)
Amiloride 500 Xenopus oocyte, SAC Cat Lane et al. (1991)
2000 Lymnea neuron, SAC Kt Small and Morris (1995)
53 Mouse hair cell,? Cat Rusch et al. (1994)
50 Chick hair cell,® Cat Jorgensen and Ohmori
(1988)
BrHMA 34 Xenopus oocyte, SAC Cat Lane et al. (1992)
TEA 5000 Lymnea neuron, SAC K* Small and Morris (1995)
Quinidine 750 Lymnea neuron, SAC Kt Small and Morris (1995)
Diltiazem 100, ne Lymnea neuron, SAC K" Small and Morris {1995)
5 Chick heart, SAC Cat Ruknudin et al. (1993)
Streptomycin <40 Guinea pig heart, [Ca]; Gannier et al. (1994)
20 Chick hair cell® Kimitsuki and Ohmori
(1993)
23 Chick skeletal muscle SAC Cat  Sokabe et al. (1993a)
80 Guinea pig heart arrhythmias  Nazir (1994)
2700 Mouse skeletal muscle SAC Cat  Winegar et al. (1996)
Penicillin <40 Guinea pig heart, [Ca]; Gannier et al. (1994)

Kanamycin 10
=4000

Chick skeletal muscle SAC Cat
Mouse skeletal muscle SAC Cat

Sokabe et al. (1993a)
Winegar et al. (1996)
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Drug ICso (LM) Preparation Reference
Neomycin 2.4 Chick skeletal muscle SAC Cat  Sokabe et al. (1993a)
=400 Mouse skeletal muscle SAC Cat  Winegar et al. (1996)
Ribostamycin =40 Chick skeletal muscle SAC Cat  Sokabe et al. (1993a)
Dibekacin =30 Chick skeletal muscle SAC Cat  Sokabe et al. (1993a)
Dihydro-
streptomycin =400 Mouse skeletal muscle SAC Cat  Winegar et al. (1996)
Gentamycin =1400 Mouse skeletal muscle SAC Cat  Winegar et al. (1996)
Amikacin ~2600 Mouse skeletal muscle SAC Cat Winegar et al. (1996)
TTX =5 Chick heart, SAC Cat Ruknudin et al. (1993)
TEA 5000, ne Crayfish, SAC Cat Ruknudin et al. (1993)
4AP 1000, ne Crayfish, SAC Cat Ruknudin et al. (1993)
Ethanol 0.65M (3%),ne Lymnea neuron, SAC k' Small and Morris
(1995)
GS venom =1:1000 GH3 SAC Cat, [Ca“]i Chen et al. (1996)
=~1:1000 Xenopus oocyte, chick hearta  Niggel et al. (1996)

BrHMA, Bromohexamethyleneamiloride; TEA, tetraethyl ammonium; 4AP, 4-ami-
nopyridine; GS, Grammostola spatulata; ne, no effect; [Ca®* ., intracellular Ca**.

 Mean current.

Table 4. Effects of activating drugs on MSCs

Drug =ICsp (WLM)  Preparation Reference

Pinacidil =10 Rat heart SACK* Van Wagoner (1993)
(KATP)

Chloropromazine =20 E. coli Martinac et al. (1990)

Chloropromazine =10 Chick skeletal muscle  Sokabe et al. (1993a)

Trinitrophenol =500 E. coli Martinac et al. (1990)
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5.1
Gadolinium

The most common blocker currently used is the rare earth, gadolinium
(Yang and Sachs 1989). This trivalent ion acts like La**, but lower doses are
required. Gd** blocks MSCs in a host of different preparations from MscL
of E. coli (Berrier et al. 1992), to human neurons (Quasthoff 1994). Al-
though it is effective at blocking most MSCs at concentrations below
100 UM, it also blocks other channels, including some voltage dependent
Ca?* channels (Lacampagne et al. 1994; Docherty 1988) and colicins (Bon-
hivers et al. 1995). K* selective MSCs have proven to be more resistant than
others (Small and Morris 1995). Aside from its lack of specificity, Gd** also
has the problem of precipitating physiological anions such as HCO3~ and
PO4? and therefore needs to be used with more inert buffers such as
HEPES. Despite these problems, Gd* does block many MSCs. It has even
been used to block mechanically induced responses in the whole heart
without blocking the normal beat or contraction (Hansen et al. 1991) as
well as gravitropism in Euglena (Lebert and Hader 1996). Gd** sensitivity
has been used as a test for involvement of MSCs in stretch sensitive
processes such as proliferation of lungs cells (Liu Xu et al. 1994), pressure
volume relationships (Takano and Glantz 1995) and the length tension
relationship (Lab et al. 1994) in the heart, activation of phospholipase C
(Matsumoto et al. 1995), modulation of channels activated by antidiuretic
hormone (Marunaka et al. 1994), and many more.

We want to reemphasize that sensitivity to Gd** does not serve as a
reliable marker for physiological MSC activity! It has a wide spectrum of
cross reactivity. The blocking effect seems to consist of at least two compo-
nents: an open channel block, and some more complex higher order re-
sponse (denaturation?) at higher concentrations (Yang and Sachs 1989).
Data on MscL show that Gd** shifts the activation curve to higher tensions
(Sukharev et al, 1993).

The broad spectrum of Gd3* activity on MSCs is peculiar. It is surprising
that a single agent is active against a 3 nS bacterial channel and a 25 pS
eucaryotic channel. Gd** has the crystal radius of Ca?* but is trivalent and
hence may be effective in pulling together negatively charged lipid head
groups. It is possible that the action of Gd** is not on the channel protein
at all, but on the surrounding lipids, pulling them tightly together so the
membrane surrounding the channel is rigid or somehow unable to sup-
port a change in channel dimensions. It would be useful to explore the
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effect of Gd** on the elastic properties of phospholipid membranes (Evans
and Needham 1987) and on channel-lipid interactions that might mimic
dimensional changes of MSCs, using alamethicin (Opsahl and Webb
1994a) or gramicidin (Elliott et al. 1983). Preliminary data on the effects of
Gd®* on phospholipid membranes indicates that Gd** induces major
changes in the phase transition temperature and a large change in dipole
potential, both effects consistent with an MSC inhibition originating in the
lipids (Ermakov et al. 1996). It is possible that those MSCs that are insensi-
tive to Gd**, for example, the molluscan SA K channel (Small and Morris
1995), confine the dimensional changes of their mechanosensors to inter-
nal regions of the channel structure where space has already been pro-
vided.

5.2
Amiloride

Amiloride and its derivatives have been used to block MSCs in different
systems. In the millimolar range amiloride blocks the MSCs of cochlear
hair cells (Jorgensen and Ohmori 1988; Rusch et al. 1994), cationic SACs in
the Xenopus oocyte (Lane et al. 1991, 1993; Hamill et al. 1992), and K*
selective SACs in molluscan neurons (Small and Morris 1995). Block by
amiloride has a Hill coefficient of 1.5-1.8, suggesting that more than one
molecule is associated with block; the block also exhibits a slight voltage
sensitivity. Some derivatives of amiloride are more efficacious than the
parent compound, and the variation of efficacy with structure has been
suggested as a tool to identify responses arising from MSCs (Hamill et al.
1992). Amiloride is clearly not selective since it blocks a host of trans-
porters, including the Ca/Na exchanger and the Na-H exchanger, some of
which are blocked in the nanomolar range (Benos et al. 1992). Like gad-
olinium, amiloride is more useful as a biophysical probe of MSCs than as a
physiological tool.

53
Antibiotics

Many cationic antibiotics block mechanical transduction (see Table 4) but
they also block other channels, including Ca?* channels (Haws et al. 1996).
In a recent analysis of SACs in muscle, a number of the antibiotics pro-
duced subconductance states, as though they did not block the channels
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directly but did effect partial block for permeant ions (Winegar et al.
1996). Given that these agents are charged, it is not surprising that the
block by these drugs is voltage dependent, with the apparent binding sites
located between 10 and 50% of the way through the membrane field
(Winegar et al. 1996). The affinity of various antibiotics for the SACs in
mouse skeletal muscle was: dihydrostreptomycin, neomycin >gentamycin
amikacin, streptomycin >kanamycin. The block by antibiotics is compli-
cated by a stoichiometry of >1, so that the apparent affinity is concentra-
tion dependent (Winegar et al. 1996). It should also be noted, when com-
paring experiments, that competition with Ca’* can reduce the effective
affinity for the antibiotics.

5.4
Peptides

A spider venom has been identified that contains a peptide blocker effec-
tive for a number of SACs including those in GH3 cells, Xenopus oocytes
and chick heart cells (Chen et al. 1996; Niggel et al. 1996). Venom isolated
from the spider, Grammostola spatulata (GS), blocks the Ca** uptake asso-
ciated with hypotonic swelling, but not the voltage dependent L-type Ca®*
channels. The raw venom doesn’t block action potentials in the guinea pig
heart, but does block stretch induced changes in action potential configu-
ration (Nazir et al. 1995). Interestingly, when GS venom is added to GH3
cells in normal saline, Cai** drops to levels equal to those observed in the
absence of extracellular Ca?*. This suggests that, at least in the GH3 neu-
rons {Chen et al. 1996), SACs may be active at rest {not necessarily via
resting stretch, but utilizing stretch independent rates), and that they
represent a primary source of resting Ca?* uptake. The availability of a
peptide blocker raises the possibility of histochemistry and of tracking
MSCs for cloning.

55
Activators

No clear activators are known to act on the channels directly. The amphi-
paths, as discussed in Sect. 2 and referenced in Table 4, probably do not act
directly on the channels, but on the surrounding lipids.
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5.6
Cautions

Many drugs can alter the sensitivity of MSCs by affecting the mechanical
coupling to the channels. Actin reagents are one example. Any attempt to
characterize a pharmacological agent as affecting intrinsic sensitivity re-
quires extremely careful micromechanics to make the result convincing.
Changing the culture or isolation conditions of cells may have the same
effects (e.g., Small and Morris 1994), and can easily cause apparent
changes in channel density by changing the size of patches.

6
Physiology of MSCs

6.1
Stretch-Inactivated Cation Channels:
The Basis for Osmotransduction by Hypothalamic Neurons

A variety of MSC currents are evident at both the single channel and
macroscopic levels, but determining the contribution of these currents to
the physiology of the cell remains difficult. Recently, this “physiological
barrier” has been convincingly breached for a specialized mechanorecep-
tor cell (also, see the section on the heart, below, for an example of MSC
activity correlated with physiological in a non sensory cell). Unlike hair
cells of the acoustico-lateralis system, however, the mechanoreceptor in
question has no highly specialized morphology that one can associate with
mechanotransduction. Called magnocellular neuron cells (MNCs), they
constitute a subpopulation of neurons in the hypothalamus that are re-
sponsible for detecting and responding to blood osmolarity. They possess
mechanosensitive cation channels that appear to underlie osmotransduc-
tion (Oliet and Bourque 1993, 1994; Bourque et al. 1994). These currents
hyperpolarize the neurons during hypoosmotic stimuli and depolarize
them during hyperosmotic stimuli, as summarized in Fig. 17. This in turn
leads to respective decreases and increases in release of the osmoregula-
tory hormone, vasopressin (Oliet and Bourque 1993; Bourque et al. 1994).
Under cell-attached recording conditions with physiological solutions, the
MNC channels have a conductance in the 30 pS range and reverse near
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-40 mV, this is sufficiently depolarized with respect to the cells’ resting
potential for active channels to be excitatory.

Activation curves for the MNC mechanosensitive single-channel cur-
rents in cell-attached patches are unusual. Rather than the expected sig-
moid curve, the MNC patches invariably yielded a bell-shaped activation
curve. This may stem from artifacts in the pressure recording and/or
renormalization of the data by the authors. Although appearing to repre-
sent positive and negative applied pressures, the activation curves were
actually obtained only at negative applied pressures (suction), a point not
immediately evident because the authors offset their data so that the peak
occurred at the origin {Oliet and Bourque 1993). In contrast to the single-
channel data, the macroscopic currents showed a monotonic dependence
on hypotonicity. If the microscopic and macroscopic recordings reflect
activity of the same channels, the difference requires explanation.

A straightforward explanation for the bell curve emerges from two
assumptions: (a) the channel is operationally a stretch-inactivated channel
and (b) the channel activity is recorded under conditions of residual
positive pressure in the pipette. A bell-shaped activation curve is expected
when the independent variable is pressure, but not when it is tension
(Morris and Sigurdson 1989). Since the experimental x-axis refers to the
applied pressure rather than membrane tension, the zero tension point is
not truly known.

The bell-shape can occur because the gigaohm seal attaches membrane
firmly to the electrode wall allowing the patch to bow upward or down-
ward, depending on the effective pipette pressure. If residual pressure

<
4

Fig. 17A-C. MSCs in osmosensory neurons with bell-shaped and sigmoid activation
curves. A Above, the sigmoidal activation curve for a SIC, where hyperosmotic
conditions (low tension) are shown at left and hypoosmotic conditions (high tension)
at right. The sigmoid’s slope is negative, corresponding to data obtained from MNCs.
Vertical arrows (A,B), the physiological set point for blood osmolarity. B Whole-cell
slope conductances (percentage of control) for the osmosensitive current, as a function
of bath osmolarity. (From Oliet and Bourque (1993) with permission; we have fit a
Boltzmann to the data) C Single-channel “bell-shaped” activation curves observed with
different resting pressures in the pipette (or possibly cytoskeletal stresses). Dashed line,
membrane position for minimal membrane tension and maximal SIC activity; solid
line, its position at zero applied pressure. When the two do not coincide (e.g., when
residual pressure in the pipette provides an offset), the response curve is displaced. Bold
in right curve corresponds to the sigmoids observed in A and B
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persists in the pipette after gigaseal formation, the bell-shaped curve will
be centered not at the origin, but elsewhere along the axis of experimen-
tally applied pressure, according to the sign and magnitude of the residual
pressure (Fig. 17). To summarize, the bell-shape probably arises from er-
rors in setting the proper pressure (the “zero” pressure) to obtain minimal
stress in patches.

We would like to reemphasize, here, that there is a need to properly
adjust the pipette pressure when doing experiments on MSCs. The best way
to assure an accurate zero pressure in the pipette is to monitor the flow prior
to forming the seal. By watching the movement of small particles in the
bath, it is easy to determine quite accurately what recorded pressure corre-
sponds to true zero pressure. This calibration removes all influences of
residual capillarity and possible resting pressure offsets in the measuring
system. It does not, however, remove the influence of cytoskeletal forces
pulling on the membrane, an effect that can only be tested by direct obser-
vation of the patch (Sokabe and Sachs 1990).

Considering the possible role of pressure offsets, it is understandable
that SICs may yield bell-shaped activation curves, although, one would
also have to make the assumption that all the records were obtained with
positive resting pressure in the pipette. The prediction then is that the
activation curve of macroscopic SI currents obtained without offset is
sigmoidal. The published data were fit to a straight line not a sigmoid
curve, but as we show below (Fig. 17B) the data are quite compatible with
a sigmoid curve, although data covering a somewhat wider range of os-
motic pressures are needed.

The idea that SICs give rise to the osmotransduction currents is sup-
ported by the demonstration that Gd**, a common blocker of many MSCs,
blocks both the macroscopic osmosensor currents and the single-channel
SI currents (Oliet and Bourque 1996). The pressing issues now are to
understand what it is about these particular cation channels that makes
them highly sensitive to the mechanical stimuli associated with small
osmotic perturbations. Do the neurons have cortical skeletons with few
parallel elastic elements? Is their large size important to their osmosensory
role as it might be if they are governed by Laplace’s law (detecting osmotic
pressure gradients as membrane tension)? Do the neurons have an unusu-
ally high water permeability? What is the basis of the “offset” - is it really a
positive pressure in the pipette? Is there something special about the way
the membrane interacts with the pipette, so that at zero pressure the patch
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is pulled towards the cytoplasm? While there are many questions, all of
them seem to be answerable with current technology.

6.2
Other Correlations of Whole-Cell Activity and MSCs

6.2.1
Smooth Muscle

Smooth muscle is capable of autoregulation; i.e., in response to stretch, it
can actively contract and tend to maintain a constant volume of its organ
or to simulate peristalsis (Johansson and Mellander 1975). Some of this
activity appears to arise from smooth muscle cells directly (Hisada et al.
1991; Kirber et al. 1988; Wellner and Isenberg 1994; Davis et al. 1992), and
some is coupled from endothelial cells (Goligorsky 1988; Hoyer et al. 1994).
In arterial smooth muscle cells, Davis and colleagues. (Davis et al. 1992)
recorded the activity of cationic SACs using cell-attached recording, they
demonstrated that stretching the cells between two suction pipettes
caused a whole-cell current that reversed at =-15 mV. Cell currents of tens
of pA were elicited for =15% increases in length; and this was considered
capable of accounting for autoregulation of vessel tone. Unfortunately Davis
and colleagues did not show that the whole-cell and single-channel currents
were pharmacologically similar. Results similar to those of Davis and col-
leagues have been obtained for urinary bladder smooth muscle cells by
Wellner and Isenberg (Wellner and Isenberg 1994, 1995).

6.2.2
Heart Muscle

The heart is sensitive to mechanical deformation. Characteristically, the
beat rate increases with atrial pressure (Bainbridge 1915). The early em-
bryonic chick heart, while still a quiescent tube, can be stimulated to begin
beating by elevating the internal pressure (Rajala et al. 1976, 1977). The
whole heart, when stretched with an intraventricular balloon, will generate
extra systoles in response to stretch (Lab 1980; Hansen et al. 1990a; Stacy
et al. 1992). It has been postulated that many of the fatal arrhythmias that
follow a heart attack are caused by stretch of the weak tissue around the
infarct which then generates excitatory currents (Hansen et al. 1990b). In
the dog heart, stretch-induced systoles are blocked by Gd3* but not by Ca?*



60 F. Sachs and C. E. Morris

channel blockers, which suggests a role for SACs (Hansen et al. 1990b).
SACs have been reported in heart cells from rat, guinea pig, chick and snail
(Sigurdson et al. 1987; Sadoshima et al. 1992; Kim 1992; Sasaki et al. 1992;
Akay and Craelius 1993; Craelius 1993; Ruknudin et al. 1993; Van Wagoner
1993), but the reported selectivity and gating responses vary widely; thus
it is difficult to make general predictions about the functions of these
channels.

The only whole-cell voltage clamp experiments on the effect of me-
chanical strain were done by Sasaki et al. (1992) in rat ventricular cells and
by Hu and Sachs (1994, 1995, 1996) in chick heart cells. Both groups found
cationic, mechanosensitive, currents that reversed at about -15 mV. Hu
and Sachs (1996) were able to establish a continuitity between SAC activity,
whole-cell currents and physiological activity measured by affects on the
action potential. Agents that blocked SACs (Gd** and Grammostola spatu-
lata venom) also blocked whole-cell currents. Suction on tight seals and
loose seals affected action potential generation, and the reversal potentials
of the two single-channel SAC types observed in the preparation straddled
the whole-cell reversal potential. Short of using more specific blockers, or
cloning and knockout of MSCs from this preparation, the physiological
role of SACs in this preparation is quite strong.

Although dangerously far from experiment, stretch induced-effects on
action potentials in heart cells can be modeled by computer simulations.
The results suggest that most of the observed changes can be accounted for
by the presence of a population of SACs with a 25 pS conductance, a
density of 0.3/um? a reversal potential of about -20 mV, and an opera-
tional range of open probability ranging from % to =30% (Sachs 1994;
Zabel et al. 1996).

6.2.3
Unresolved Stories of Vertebrates

Most speculations about the physiological roles for MSCs have yet to be
confirmed. For example, a physiological raison d’etre for the mechanosen-
sitivity of the Xenopus oocytes SACs has not yet been found. Repeated
efforts to determine whether they are required during early embryogene-
sis have failed to implicate the channels (Steffensen et al. 1991; Wilkinson
et al. 1996). Osmotic swelling that activates anion channels in the Xenopus
oocytes did not produce the cation currents that would be expected if the
SACs were also activated (Ackerman et al. 1994). Smooth muscle from
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various preparations exhibit nonselective, K-selective and Ca-selective
mechanosensitive currents (Hisada et al. 1993; Dopico et al. 1994; Ordway
et al. 1995; Langton 1993). Frustratingly, the first type are evident at the
single-channel level but not have not been reported in whole-cell record-
ings. Conversely, the mechanosensitive Ca?* currents have only been re-
ported for whole-cell recordings, and these same recordings yielded no
evidence of current through nonselective cation channels.

6.2.4
Invertebrates

The crayfish stretch receptor was one of the earliest mechanoreceptors to
be studied electrophysiologically and much work has been done on the
whole-cell generator currents (Brown et al. 1978; Swerup 1983; Edwards et
al. 1981; Rydqvist and Purali 1993). SACs have been recorded from the
stretch receptor (Erxleben 1989), and their properties would appear to fit
the requirements for the source of the generator current. Unfortunately for
completion of the story, the single-channel recordings could not be made
from the distal dendrites of the receptor itself, but only from membrane
closer to the soma.

C. elegans possesses behavioral withdrawal responses to touch that have
been used to isolate a number of touch insensitive mutants mentioned
above (see Hong and Driscoll 1994; Huang and Chalfie 1994). Unfortu-
nately, C. elegans does not lend itself to electrophysiology, so there are no
direct data on MSC function.

Drosophila is known to have MSCs in striated muscle (Zagotta et al.
1988), and mechanosensitive mutants have been constructed that exhibit a
block of the behavioral response and the mechanosensitive field potentials
of the antennae (Kernan et al. 1994). These mutants, however, appear to
maintain SAC activity in the muscles (M. Sokabe, personal communica-
tion).

6.2.5
Protozoans

In general, all organisms are sensitive to the effects of gravity, but in most
cases the transduction mechanisms are not known (Machemer and
Braucker 1992). Euglena, the combination plant-animal often studied in
introductory zoology courses, is gravitropic. The gravitropism is blocked
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by Gd**, suggesting (to those authors, at least) that MSCs are involved
(Lebert and Hader 1996). Unfortunately, no direct patch clamp records
have been made. Paramecium has two sets of mechanosensitive conduc-
tances, one Ca?* selective and the other, K* selective. The two conduc-
tances are expressed in opposing anterior/posterior gradients so that
bumping the anterior causes reversal of the cilia and bumping the poste-
rior causes an increased beating rate, a “getaway” response (Machemer and
Braucker 1992). Again, no single-channel recordings have been made from
Paramecium.

6.2.6
Plants

MSCs are known to be present in higher plants (Falke and Misler 1988;
Ding and Pickard 1993a,b), and it would seem possible that they are
involved in geotropism (Edwards and Pickard 1987), osmotic balance and
elongation at growth points. The most dramatic use may occur in the
touch sensitive plants such as the Venus fly trap and the Mimosa. Unfortu-
nately, none of these preparations has been studied at the single-channel
level. Some genes in plant are known to be activated by touch (Braam and
Davis 1990) and these genes seem to be coupled to Ca** homeostasis. This
is an obvious place for MSCs to play a role, but again, no measurements
have been done.

In the lower plants and fungi there are many interesting behaviors that
involve mechanical transduction. One of the better studied is the rust
fungus that seeks entrance to a plant leaf through the pore like stomata.
The fungus finds the stomata based upon the fact that it is 0.5 um above
the surrounding leaf (Hoch et al. 1987). These fungi have MSCs that per-
form much like MscL of E. coli (Zhou et al. 1991}, but it has not yet been
possible to show a direct correlation between the ridge seeking behavior
and the channels. Even in the case of E. coli, for which the proposed
function of the channel was to open in response to extreme osmotic
swelling (Martinac 1993), knockout of MscL by mutagenesis (Sukharev et
al. 1994a) has revealed no marked phenotypic changes. This result, quite
similar to the negative results of many other knockout experiments, may
be explained by the presence of different families of MSCs that replace the
functional activity of the missing MscL.
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7
Concluding Remarks

What can we assert with confidence about MSCs? First, we know that most
cell types exhibit one or more species of MSCs - channels whose open
probability can be substantially modified by suction applied through a
patch pipette. In only a small fraction of cases has it been shown that
mechanical stimulation of whole cells elicits currents that appear to flow
through the MSCs seen in the patches. We must conclude that the physi-
ological significance of most MSC activity remains to be determined.

Second, we know that MSCs are extremely diverse at a molecular level.
We can state this even though only one MSC (from E coli) has been cloned
and expressed. The cloned E coli channel shows no sequence similarity to
eucaryotic DNA and, in any case, eucaryotic MSCs include nonselective
cation channels, K-selective channels and anion-selective channels. In ad-
dition, two radically different eucaryotic channels, which have been cloned
(NMDA and G-protein regulated K* channels) are mechanosensitive when
liganded.

Third, we know unequivocally that MSCs can function as physiological
mechanotransducers. While this is not a surprise, earlier assertions of this
sort were been based on a priori reasoning and partial evidence. What was
missing was a continuity of evidence from the single-channel MSC level
through to the whole-cell level. Happily, that continuity has now been
provided in two cases: the hypothalamic osmoreceptor neurons and chick
heart cells. MSC activity underlies the osmosensory currents seen in con-
ventional whole-cell recordings; currents that are capable of affecting
vasopressin release and also the ability of stress to alter the action poten-
tial properties of heart cells. An explanation for the responsiveness of
MSCs in terms of molecular and cytological architecture is now awaited.

Where are we uncertain in important ways? In summary, we are un-
equipped to predict the conditions under which channels- will show
mechanosensitivity. A few examples are: In disrupted cells or in artificial
lipid bilayers, E. coli MSC channels (MscL) exhibit mechanosensitivity and
can even show adaptation, but do the channels’in vivo environment enable
them to exhibit mechanosensitivity? Likewise, we are ignorant as to
whether any eucaryotic MSC channel is mechanosensitive in an artificial
lipid bilayer. In two dissimilar eucaryotic channels, mechanosensitivity
appears exclusively when channels are liganded by an agonist, but in
general, liganded channels do not show mechanosensitivity. Among di-



64 F. Sachs and C. E. Morris

verse MSCs, various aspects of mechanosensitivity (dynamics, sensitivity)
depend strongly on the mechanical history of the channel-bearing mem-
brane, as if cortical structures determine how mechanical energy is fed to
the channels’ gating mechanisms. But we do not know what cortical ele-
ments are involved.

What is most lacking? The elusive “holy grail” for MSCs is a knowledge
of how transduction occurs. The process is distinctive in requiring major
alterations in channel dimensions, but a detailed understanding will re-
quire knowing the amino acid sequence of the protein(s}), and more im-
portantly, the three dimensional structure of the open and closed channels.
If our experience from the E coli channel is any guide, sequence is not
enough. It seems unlikely that a mechanosensitive gating domain will be
obvious from sequence data; the S4 story of voltage sensitive channels is
not likely to be repeated. In hair cells, understanding mechanotransduc-
tion would be impossible in terms of the channel structure alone - it is
imperative to incorporate knowledge of the force coupling structures.
There is increasing evidence that membrane structures beyond the chan-
nel are critical in signal conditioning of MSCs.

Mechanosensitive gating may be exceedingly simple in molecular and
energetic terms. This is suggested by the apparent molecular diversity of
MSCs and by the widespread ability of MSCs to retain mechanosensitivity
when the membrane/cortex has been disrupted. A gating transition in a
protein involves movement of a peptide domain. A gating transition oc-
curs when various bonds, biased by the applied forces, absorb sufficient
additional energy from the thermal environment. Some channels have
evolved so that agonists or electrical fields will bias their gating transi-
tions. Others use mechanical stress. In many cases, it may be important to
reduce mechanical sensitivity if a channel serves other functions. MSCs
presumably are distinctive in that they do couple efficiently to mechanical
inputs. The cytoarchitecture may render a channel either sensitive or
insensitive to mechanical stimuli. This leads us to predict what is observed
in the literature: a continuum of sensitivities.

As the pursuit for a molecular and biophysical understanding of
mechanosensitivity gets seriously underway, it will be worth bearing in
mind that Nature has put evolutionary effort into creating mechanosensi-
tive channels and methods for modulating them. This modulation, as it
can involve large scale integration of many inputs by the cytoarchitecture,
may prove to be one tool by which cells prepare for the future.
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1
Introduction

The key role of calcium ions in the function of excitable tissues was
appreciated as early as 1882 by Sidney Ringer. Since then, a plethora of
cellular functions have been found to require Ca?* signals or simply the
maintenance of a set Ca?* concentration. The major requirement for the
signalling function of Ca** is the existence of a concentration gradient
between the interstitial fluid and the interior of the cell. Extracellular
concentrations of free Ca?* range between 1.3 and 1.8 mM, whereas the
free intracellular Ca** concentration {[Ca?*];} is around 100 nM. Thus,
viable cells maintain a concentration gradient across the plasma mem-
brane of more than four orders of magnitude. Various physiological stim-
uli increase [Ca?*}; transiently and thereby induce cellular responses. How-
ever, under pathological conditions, changes of [Ca?*]; are generally more
pronounced and sustained. Ca%* overload activates hydrolytic enzymes,
leads to exaggerated energy expenditure, impairs energy production, initi-
ates cytoskeletal degradation and ultimately results in cell death. Such
Ca’t-induced cytotoxicity may play a major role in several
neuropathological phenomena including chronic neurodegenerative dis-
eases, as well as acute neuronal losses, e.g. during the pathogenesis of
stroke.

2
Historical Perspective

The idea that Ca?* may be cytotoxic dates back to Fleckenstein’s sugges-
tion in 1968 that excessive entry of Ca* into myocytes may be the under-
lying mechanism of cardiac pathology following ischemia (for review see
Fleckenstein 1984). In 1979, it was shown that agonist overstimulation
(Leonard and Salpeter 1979) or cytotoxic xenobiotics may cause lethal
Ca?* entry into cells (Schanne et al. 1979). From the early 1980s on, the role
of Ca? in cell death was examined intensively, particularly in isolated
hepatocytes, in kidney and in brain (Nicotera et al. 1992, 1994; Trump and
Berezesky 1995; Siesj6 1981; Siesj6 and Bengtsson 1989). It became evident
that cellular Ca?* overload may involve multiple intra- and extracellular
routes, most of which are also used for physiological signalling. In addi-
tion, Ca?* was found to be sequestered into separate intracellular pools
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that can contribute to Ca’*-induced toxicity even in the absence of ex-
tracellular Ca®*.

Along with the understanding of the role of Ca?* as a physiological
regulator, it soon became clear that not only alterations of the normal Ca?*
homeostasis, but also changes in Ca* signalling would have adverse ef-
fects. These include alterations in cell growth, differentiation and sensitiv-
ity to the activation of natural cell death, apoptosis. In a large number of
experimental paradigms it has now been shown, that: (a) Direct sustained
elevation of [Ca?*];, e.g. by exposure of cells to ionophores, causes cell
death. (b) A [Ca?*]; elevation precedes cell death induced by pathophysi-
ological stimuli. (¢) Prevention of [Ca**]; elevation during such experi-
ments can inhibit cell death. (d) Alterations of Ca?* signalling pathways
(e.g. potentiation or inhibition of Ca?* currents) can result in cytotoxicity.
Examples of such cases in the nervous system will be given below.

3
Experimental Approaches

The understanding of the role of Ca®* in cell death has benefited greatly
from advances in analytical methods to estimate Ca®* concentrations in
individual cells (compiled in Nuccitelli 1994). A major step has been the
design and synthesis of indicators that change their fluorescent properties
upon Ca?* binding (Grynkiewicz et al. 1985). Such indicators can be loaded
into cells in the form of their more hydrophobic, non-fluorescent ace-
toxymethylesters. Subsequently, enzymatic cleavage releases the active
compound that remains trapped inside the cell membrane. The use of dyes
such as fura-2, which changes its excitation maximum upon Ca** binding,
allows an estimation of the absolute [Ca?*]; independently from the intra-
cellular indicator concentration. The determination of [Ca®*]; is facilitated
by the so-called ratiometric approach, i.e. excitation at different wave-
lengths and calculation of [Ca?*]; from the ratio of the intensities at a
defined emission wavelength. This method has been successfully applied
to the measurement of {Ca?*]; in individual cells in suspension, by fluores-
cence-activated cell sorter (FACS) analysis or in individual adherent cells
(e.g. neurons) by quantitative photometric or video-imaging techniques
(Malgaroli et al. 1987). In the latter case, even subcellular fluctuations of
[Ca?*); can be followed. Recently, the development of multiple wavelength
confocal laser scanning microscopes and the two-photon excitation tech-
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nique have enabled the application of fluorescent imaging techniques to
estimate [Ca?*]; at the subcellular level within individual neurons
(Herndndez-Cruz et al. 1990) even directly within neuronal tissue (Denk et
al. 1996; Svoboda et al. 1997).

Other analytical methods that have proven to be extremely useful for a
variety of applications are the measurement of Ca** concentrations with
Ca’*-sensitive microelectrodes or the luminescent protein aequorin (Riz-
zuto et al. 1995), electrophysiological characterization of Ca?* channels,
especially by patch clamp techniques, and the use of the radioisotope [4°1Ca
for the examination of Ca?* fluxes, Ca?* pools and redistribution phenom-
ena.

Furthermore, the development of pharmacological agonists and an-
tagonists has enabled the study of different pathways of Ca®* trafficking
and downstream targets known to be affected by Ca’*. Most recently,
molecular biological approaches have helped to characterize the proteins
involved in intracellular Ca’* binding, in Ca2* transport across the mem-
branes and those mediating Ca** signalling. For example, Ca?* response
elements have been identified and their activation has been investigated in
neurons using appropriate reporter genes (Ginty et al. 1993; Hardingham
et al. 1997; Xia et al. 1996).

4
Regulation of Ca?* Concentration

Ca?* is compartmentalized into various intracellular pools (Fig. 1). At each
of these locally restricted sites Ca?* can be either soluble or it may be
bound to proteins as part of its effector function [e.g. calmodulin; James et
al. (1995)], or for storage [e.g. to calbindins; Dowd et al. (1992); Mattson et
al. (1991)]. It is generally assumed that the alterations of free Ca?* concen-
trations (often spatially restricted) are more relevant to signalling and
cytotoxicity than changes in the absolute amount of Ca?*.

4.1
Calcium Influx

Ca?* influx from the extracellular space following the steep concentration
gradient of this ion may easily raise [Ca®*]; and elicit toxicity. A detailed
knowledge of the routes of entry is essential since raised [Ca**]; derived
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from distinct sources may result in different cellular responses, even with
identical average cytosolic concentrations (Ginty et al. 1993; Ghosh et al.
1994; Dugan et al. 1995; White and Reynolds 1995). This may be explained
by Ca?* compartmentalization even within the cytosol (Shelanski 1990),
by significant and very localized Ca?* gradients near the plasma mem-
brane (Huang and Neher 1996; Tymianski et al. 1994; Borst and Sakmann
1996), by the activation of parallel costimulatory pathways, or by differen-
tial effects on cellular Ca?* pools (Hardingham et al. 1997). Also, certain
signals involve oscillations of [Ca?*]; at defined frequencies rather than
static changes (Lechleiter et al. 1991).

The main source for Ca?* entry into neurons during activation are
voltage- or ligand-gated Ca?* channels. The voltage-dependent Ca?* chan-
nels (VDCC) open when the neuronal plasma membrane hypopolarizes.
VDCC can be subdivided into several groups (Miljanich and Ramachan-
dran 1995). N-type or P-type channels are involved in presynaptic Ca?*
entry necessary for vesicle fusion and neurotransmitter release. They have
therefore been implicated in distal neuronal death observed after epileptic
attacks (Pollard et al. 1994), in global ischemia (Valentino et al. 1993) or
after lesions of dopaminergic neurons by 6-hydroxydopamine or 1-
methyl-4-phenylpyridinium (MPP*) (Mitchell et al. 1994; Cooper et al.
1995; Turski et al. 1991). L-type channels are involved in post-synaptic
depolarization and their contribution to neurotoxicity is also well-estab-
lished (Sucher et al. 1991a; Dreyer et al. 1990;Rossi et al. 1997).

Amongst the ligand-activated Ca?* channels, the N-methyl-D-aspartate
(NMDA) receptor (NMDA-R) is probably the most important for neuronal
cell death (Rothman and Olney 1995; Choi 1988a, b, 1992, 1995; Choi and
Rothman 1990; Hahn et al. 1988; Simon et al. 1984a). The NMDA-R is a
heteromeric molecule belonging to the class of ionotropic glutamate re-
ceptors (Hollmann and Heinemann 1994). Upon agonist stimulation the
NMDA-R channel opens to Na* and Ca?*. Interestingly, this ligand-gated

<&

Fig. 1. Ca’* fluxes and compartmentalization. Ca®* may enter neurons through
voltage-dependent calcium channels (VDCC) upon depolarization. Glutamate
receptors of the N-methyl-D-aspartate receptor (NMDA-R) subtype and of the
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA-R) subtype
constitute the major ligand-gated Ca’*-channels. Intracellular calcium may be
sequestered into different organelles by energy-dependent processes. Increase of
synaptic calcium concentrations contributes to the triggering of neurotransmitter
release from synaptic vesicles. ER, endoplasmic reticulum
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channel is also voltage-controlled (potential-dependent Mg?* block). The
subunit composition and the resulting gating characteristics differ be-
tween different brain regions. Kainate or quisqualate receptors, i.e. other
classes of ionotropic glutamate receptors involved in excitotoxicity (Pol-
lard et al. 1994; Sheardown et al. 1990), may also function as Ca?* channels
(Brorson et al. 1994, 1995; Holzwarth et al. 1994; Geiger et al. 1995). This
may be due to special subunit reorganization (Gu et al. 1996; Marin et al.
1993) or to an amino acid exchange reducing the specificity of the channel
for Na* and allowing the influx of Ca?*. Such amino acid exchange is due
to post-transcriptional RNA editing of a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA)/kainate receptor subunits (Seeburg
1993).

Further possible routes of Ca?* entry are gap junctions between neu-
rons and glial cells (Nedergaard 1994) or the electrogenic Na*/Ca?* ex-
changer (Dumuis et al. 1993; Carini et al. 1994) that is activated in condi-
tions of intracellular sodium overload.

4.2
Calcium Sequestration/Export

Cytosolic free Ca’* is sequestered into different organelles largely by en-
ergy-consuming processes (for review see Orrenius et al. 1992; Pozzan et
al. 1994; Gunter et al. 1994). The uptake systems with the highest affinity
are located in the endoplasmic reticulum. At high Ca?* concentrations,
potential-driven uptake into mitochondria may also be active. A third
independent pool of Ca®* is localized in the cell nucleus (Nicotera et al.
1989, 1990) and its regulation is still controversial. In addition to Ca**
sequestration into organelles, excessive amounts of this cation can also be
removed by extrusion via H* or Na* antiporters (White and Reynolds
1995; Andreeva et al. 1991; Hartley and Choi 1989; Mattson et al. 1989a)
and by a high-affinity ATPase Ca?* pump in the plasma membrane (Cara-
foli 1991). Continuously elevated [Ca?*]; can therefore increase cellular
ATP consumption.

4.3
Intracellular Ca** Release and Translocation

[Ca2*]; may rise not only because of influx from the extracellular space, but
also due to inhibition of Ca?* efflux or release from intracellular stores
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(Nicotera et al. 1992). In neurons, e.g. in excitotoxic injury, it has been
demonstrated that a high percentage of the raised intracellular Ca2+ is
derived from intracellular pools rather than external sources (Frandsen
and Schousboe 1991; Bouchelouche et al. 1989). Accordingly, damage to
hippocampal neurons was reduced in an ischemia model by dantrolene, an
inhibitor of Ca2+ release from intracellular pools (Wei and Perry 1996).
Thus, local intracellular Ca2+ changes may have a role in cytotoxicity
independently from Ca2+ influx through the plasma membrane. For exam-
ple, a Ca2+ pool located in the nuclear envelope can be released by specific
agonists (Nicotera et al. 1990). This may regulate the entry of macromole-
cules through the nuclear pores (Stehno-Bittel et al. 1995} and may contrib-
ute to selective changes of the intranuclear Ca2+ concentration (O’Malley
1994; Nicotera et al. 1989; Przywara et al. 1991; Herndndez-Cruz et al. 1990).

Ca?* stored in the endoplasmic reticulum (ER) is released by stimula-
tion of two classes of receptors: the IPs-receptors and the neuronal ryano-
dine receptors. Therefore, stimulation of cell membrane receptors not
linked to Ca?* channels (e.g. metabotropic glutamate receptors) can result
in increased [Ca?*]; due to the generation of second messengers (Dumuis
etal. 1993; Murphy and Miller 1989b; Courtney et al. 1990; Verkhratsky and
Shmigol 1996) (see Fig. 1). In addition to excessive Ca’* entry through the
plasma membrane, the ER pool of Ca?* plays a significant role in xenobi-
otic-induced toxicity and oxidant cellular injury. This pool is not static, but
a steady state is maintained by constant leakage of Ca?* into the cytosol
and reimport via an ATP-driven transporter which is very sensitive to
oxidant attack. In addition to the ER, a further source of the toxic increase
of [Ca?*]; lies in the mitochondria, which may release this ion upon depo-
larization, e.g. by NO (Richter et al. 1994).

4.4
Neuronal Set-Point Hypothesis

Increases of [Ca®*]; above baseline do not necessarily result in cell death;
for example, Ca’* influx through VDCC seems to be better tolerated by
neurons than NMDA-R-mediated Ca?* increase. There are even situations
in which increased cellular Ca%* concentrations foster neuronal survival
(Galli et al. 1995) and depletion of Ca?* may induce cell death (Kluck et al.
1994). The best studied neuronal populations in this respect are peripheral
sympathetic and sensory neurons. These neurons have intracellular Ca®*
concentrations of about 100 nM and are strictly dependent upon nerve
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growth factor (NGF) for survival, directly after isolation. Over the course
of 3 weeks, [Ca**]; rises to about 250 nM. Concomitantly, cells loose their
requirement for NGF in order to prevent apoptosis. Artificially raising
[Ca?*]; at the beginning of the culture abolishes the NGF requirement of
these neurons. These findings suggest that this neuronal population has a
developmentally-regulated Ca** setpoint, and that the [Ca®*]; determines
the dependence on trophic factors and controls neuronal survival (Koike
et al. 1989; Johnson and Deckwerth 1993; Franklin et al. 1995; Johnson et al.
1992; Dubinsky 1992).

5
Effector Systems of Raised Ca**

Unlike excessive [Na*]; that may damage cells by osmotic effects, increased
[Ca?*]; probably does not elicit neuronal death by itself. Rather, down-
stream reactions are activated. Some are directly dependent on the conti-
nous presence of Ca?*, others just require a transient [Ca?*]; increase as a
triggering signal. Their nature and contribution to Ca?*-induced cell death
have only been partially elucidated.

5.1
Nitric Oxide Synthase

Nitric oxide synthases (NOS) are cytochrome P450-related enzymes that
convert arginine to NO and citrulline. Different classes of isoenzymes exist
in brain. Two constitutive forms are expressed in neurons (bNOS) or
endothelial cells (eNOS), respectively, and are activated by Ca?*/cal-
modulin following an increase in [Ca?*];. Other isoforms (iNOS) in micro-
glia or astroglia are inducible by a variety of stimuli, such as cytokines,and
function at basal Ca?* concentrations. Activation of bNOS following Ca?*
entry through the NMDA-R has been implicated in excitotoxicity to corti-
cal neuronal cultures (Dawson et al. 1991) and in ischemia due to middle
cerebral artery occlusion (Huang et al. 1994). The possible terminal cyto-
toxic mediator may be peroxynitrite formed from NO' and O;™. Some
neurons, especially cortical neurons expressing high levels of bNOS, seem
to be resistant to NO toxicity (Koh and Choi 1988; Koh et al. 1986), but may
kill neighbouring neurons because of their Ca?*-induced NO production
(Dawson et al. 1993). In cerebellar granule cells (CGCs), elevated [Ca®*];
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causes both NOS activation and cytotoxicity. However, in CGCs, gluta-
mate-triggered, Ca?*-mediated cell death is independent of endogenous
NO production (Lafon-Cazal et al. 1993). A rather inverted mechanism has
been demonstrated in these neurons: Exposure to NO donors leads to
stimulation of NMDA-Rs, probably because NO-related species stimulate
the release of endogenous agonists (Leist et al. 1997a). This sort of
autocrine stimulation eventually causes apoptosis (Bonfoco et al. 1996).

5.2
Hydrolytic Enzymes

Several hydrolytic enzymes are activated by high [Ca?*};. The main classes
include proteases, DNAses and lipases. The following enzymes have been
implicated as effectors of Ca?*-elicited toxicity:

« Calpains are Ca%*-activated cysteine proteases (Saido et al. 1994; Wang
and Yuen 1997). They have been implicated in toxic cell death in the
liver (Orrenius et al. 1989), and in excitotoxic neuronal death in the
brain (Brorson et al. 1994; Traystman et al. 1991; Siman and Noszek
1988). In addition, there are nuclear Ca?*-activated proteases that may
have a role in the execution phase of apoptosis (Nicotera et al. 1994;
Clawson et al. 1992).

» Calcium-dependent DNAses are responsible for DNA degradation that
is frequently observed during apoptosis. Despite several attempts to
identify and purify endonucleases involved in apoptosis, the nature of
the enzyme(s) responsible for the typical oligonucleosomal DNA cleav-
age (Hewish and Burgoyne 1973) is still unclear (Bortner et al. 1995).

* Amongst lipases, the Ca?*-dependent phospholipase A, (PLA;) has been
implicated in neurotoxicity. Its activation results in the release of
arachidonic acid and related polyunsaturated fatty acids, which are
further metabolized by lipoxygenases or cyclooxygenases with con-
comitant generation of reactive oxygen species (ROS). In addition, PLA,
activation generates lysophosphatids that alter the membrane struc-
ture. This may facilitate Ca?* influx and Ca?* release from internal stores
(Traystman et al. 1991). In neurons, there is a close correlation between
Ca?* influx through NMDA-Rs and PLA; activation (Dumuis et al. 1988,
1993). The release of arachidonic acid following activation of PLA;
inhibits glutamate uptake into neurons and glial cells and may therefore
prolong the excitotoxic action of this amino acid on its receptors
(Volterra et al. 1992).
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53
Xanthine Oxidase

Sustained elevations of [Ca?*];, caused for example by ischemia, can pro-
mote the conversion of xanthine dehydrogenase to xanthine oxidase, i.e.
the enzyme transfers electrons during the catalytic cycle to molecular
oxygen instead of adenin-nicotin dinucleotides. Under low energy condi-
tions, where large parts of ATP are converted to hypoxanthine, this may
result in a massive generation of ROS. The activation of xanthine oxidase
has been implicated in ischemic neuronal death in vivo and in kainate
toxicity to CGCs in vitro ( Coyle and Puttfarcken 1993; Dykens et al. 1987).

54
Mitochondria

The interaction of mitochondria and Ca** in toxicity is complex:

o Generally, mitochondria are able to reduce the cytosolic Ca’* overload
by sequestering large quantities of Ca?* during stimulation of cells.
However, due to their uptake of Ca?* that would otherwise act as a
feed-back inhibitor of influx pathways, functioning mitochondria may,
under certain circumstances, increase the total amount of Ca?* influx
following an excitotoxic stimulation (Budd and Nicholls 1996a,b). Ca**
is sequestered into mitochondria mainly via a Ca** uniporter or under
conditions of Na* overload via a Ca?*/Na* antiporter. The uniport is
driven by the membrane-potential and has a high capacity, but a rela-
tively low affinity. The lowest level at which brain mitochondria regulate
[Ca?*]; is 300 nM in the presence of spermine and may require even
higher Ca?* concentrations (1 uM) under unfavorable conditions. Thus,
it has been assumed that Ca’* is only imported into mitochondria
during conditions of prolonged stimulation and overload. It seems,
however, that mitochondria contribute to Ca?* regulation also under
physiological conditions when transient,local high Ca?* concentrations
are created nearby. Studies in non-neuronal cells have shown that mito-
chondria can load Ca?* during physiological agonist stimulation and
may therefore contribute to lower elevated {Ca®*]; (Rutter et al. 1993).
Mitochondria have been shown to be pivotal to the reduction of ele-
vated [Ca?*]; following excitotoxic glutamate stimulation of cells (Kie-
drowski and Costa 1995; White and Reynolds 1995), and mitochondrial
Ca?* deposits were observed in CGCs lethally challenged with NMDA
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(Garthwaite and Garthwaite 1986a) or in hippocampal neurons after

stroke (Simon et al. 1984b).

» Under conditions of excessive or prolonged Ca** overload, the seques-
tration of this ion into mitochondria contributes to the dissipation of
their membrane potential (A¥) and may eventually cause mitochon-
drial damage. For example, after stimulation of neurons with glutamate
or NMDA, mitochondria loose their A¥ (Ankarcrona et al. 1995). Such
a breakdown of A¥ associated with permeabilization of the inner mito-
chondrial membrane to ions [also called permeability transition (PT);
Bernardi (1996)], has been shown to be due to Ca?* overload under
excitotoxic conditions (Schinder et al. 1996; White and Reynolds 1996)
and was partially prevented by cyclosporin A, an inhibitor of PT (White
and Reynolds 1996; Ankarcrona et al. 1996).

» Various mechanisms have been postulated to explain Ca?* release from
mitochondria (Gunter and Pfeiffer 1990):

- Mitochondrial Ca™ extrusion is an energy-requiring process
(33 kJ/mol) linked to H" exchange. The net effect is the import of two
H" in exchange for one Ca™* exported. Ca®" release from mitochon-
dria is stimulated during oxidative stress. Oxidation of nicotinamide
adenine dinucleotide phosphate (NADH), with subsequent ADP-
monoribosylation of mitochondrial proteins or formaton of cyclic
ADP-ribose, has been suggested as a regulatory mechanism. Such
enhanced Ca’* extrusion may be the basis of “Ca®* cycling”, i.e.
continous uptake and release of Ca”* into mitochondria, which leads
ultimately to the dissipation of the membrane potential and to mito-
chondrial failure (Fig. 2). As a consequence of the breakdown of AW
or other forms of damage, mitochondria may release Ca*? into the
cytosol and generate ROS. For example, under conditions of NMDA-
mediated PT, the efflux of Ca’* from mitochondria prologed the
increase of [Ca2+]i and thus contributed to neuronal demise (White
and Reynolds 1996). The interaction of raised [Ca**]i and ROS may
lead to a vicious circle, since stressed mitochondria, possibly with
uncoupled respiratory chain, produce ROS as a consequence of
NMDA-R stimulation (Dugan et al. 1995; Reynolds and Hastings
1995) and Ca’* overload (Dykens 1994).

- A mechanism for mitochondrial Ca’" release fundamentally different
from the one described above involves the PT of mitochondria (Fig. 2)
(Gunter and Pfeiffer 1990), i.e. opening of a pore in the inner mito-
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chondrial membrane. Under such conditions mitochondrial Ca*
could be released without energy requirement.

e Furthermore, compromised mitochondria are not only passively in-
volved in cytotoxicity (i.e. because they do not provide the cell with
sufficient ATP), but rather they may generate specific signals involved in
the execution of apoptosis (see Sect. 6.6). Thus, mitochondria may act as
a deciding switch helping cells to recover, accelerating their demise, or
actually triggering the execution phase of cell death (Liu et al. 1996;
Gunter and Pfeiffer 1990; Zamzami et al. 1996; Newmeyer et al. 1994).

55
Protein Phosphorylation/Gene Regulation

The effects of Ca?* on cellular functions and viability do not necessarily
depend on the continous elevation of [Ca®*];. Rather, transient elevation of
[Ca?*]; may trigger persistent effects by altering the state of protein phos-
phorylation and gene transcription (Ghosh and Greenberg 1995).

At least four different effector systems related to phosphoryla-
tion/dephosphorylation may be involved in Ca?*-dependent neurotoxic-
ity: (1) The isoforms type II and type IV of Ca%*/calmodulin-dependent
protein kinases (CaMK) are involved in Ca?*-dependent transcriptional
regulation. Type II CaMK is also involved in the activation of quisqualate
receptors. In addition, this isoenzyme may act as a memory for transient
elevations of [Ca%*};, since its autophosphorylated form remains active
even after the return of [Ca?*]; to basal concentrations. (2) Calcium-sensi-
tive adenylate cyclases, especially of type I, are highly expressed in hippo-
campus and neocortex and are activated upon glutamate stimulation. (3)

<
<

Fig. 2. The mitochondrial role in cell death. Mitochondria act as integrators of various
stressful stimuli, such as increased [Ca2+]i or reactive oxygen species (ROS). Upon
stress-induced permeability transition (PT) large anounts of Ca?* plus proteinaceous
factors (X = apoptosis-inducing factor and/or cytochrome-c) are released. In isolated
mitochondria, PT can be stimulated by atractyloside and prevented by bongkrekic acid
{BA) or cyclosporine A (CsA). Possible sites of action for antiapoptotic proteins (Bci-2)
or for agents that inhibit maintenance of mitochondrial membrane potential
(oligomycin) using cytosolic ATP are also shown. Although mitochondrial changes
seem to be a key switch on the way to cell death, the shape of death (apoptosis or
necrosis) seems to be determined by the residual ATP concentrations in the cell (Eguchi
et al. 1997; Leist et al. 1997b)
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A variety of Ca?*-dependent protein kinase C (PKC) isozymes is expressed
in brain. PKC potentiates the NMDA response (Tingley et al. 1993; Cooper
et al. 1995), may be involved in delayed Ca?* influx (Manev et al. 1989), and
may thereby modify excitotoxic reactions. (4) Calcium-activated phos-
phatases, e.g. calcineurin, are involved in the regulation of various en-
zymes (Snyder and Sabatini 1995) that play a role in neurotoxicity.
Dephosphorylation of the the NMDA-R by calcineurin limits/shortens
Ca?* influx into the cell (Wang and Salter 1994; Tong et al. 1995; Lieberman
and Mody 1994). This self-limiting effect on Ca’* entry is blocked by
pharmacological intervention with cyclosporine A or FK506. In addition,
the extrusion of increased Na* following glutamate receptor activation is
dependent on the activation of Na*/K*-ATPase by calcineurin. Inhibition
of Na* export with cyclosporine A may therefore preserve ATP (Marcaida
et al. 1996). Furthermore, calcineurin dephosphorylates NOS and thereby
increases this enzyme activity. A new facet of Ca?* signalling involves the
nuclear import of NF-AT transcription factors from their dormant posi-
tion in the cytoplasm. Ca?*-dependent activation of calcineurin plays a
major role in this process (Shibasaki et al. 1996; Timmerman et al. 1996).
The overall effect of calcineurin inhibitors on ischemic/excitotoxic neuro-
nal damage seems indeed to be beneficial (Sharkey and Butcher 1994;
Dawson et al. 1993; Marcaida et al. 1996; Ankarcrona et al. 1996).

The transcriptional effects of elevated [{Ca?*]; are mediated by various
signalling cascades, involving protein kinase A, mitogen-activated protein
(MAP) kinases and calmodulin kinase (CaMK). Interestingly, the pathway
of Ca?* entry seems to determine the downstream signalling events; for
example, brain-derived neurotrophic factor (BDNF) is induced in cortical
neurons only by Ca?* entry through VDCC, but not through the NMDA-R
(Ghosh et al. 1994). In addition, gene expression is differentially controlled
by nuclear and cytosolic Ca?* elevations. This is exemplified (Hardingham
et al. 1997) by the induction of the Ca?*-dependent immediate early gene
c-fos (Morgan and Curran 1986) which has been associated with excito-
toxic neuronal death and developmental neuronal apoptosis (Gorman et
al. 1995; Smeyne et al. 1993). There are different pathways leading to fos
activation which may result in different patterns of gene transcription
(Ginty et al. 1993; Ghosh and Greenberg 1995; Bading et al. 1993; Ghosh et
al. 1994). For example, after stimulation of Ca?* influx through L-type
VDCC, nuclear Ca?* concentrations control fos expression via the cyclic
AMP-responsive element (CRE) which demonstrates that the CRE-binding
protein (CREB) can function as a nuclear Ca’*-responsive transcription
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factor. A second signalling pathway activating fos transcription through
the serum-responsive element (SRE) is triggered by the rise in cytosolic
Ca’* and does not require a large increase in nuclear Ca?* (Hardingham et
al. 1997).

5.6
Transglutaminases

Tissue transglutaminase is a Ca?*-dependent enzyme catalyzing the spe-
cific crosslinking of proteins during apoptosis (Fesus et al. 1987). Transglu-
taminase activity has been causally associated with apoptosis of
neuroblastoma cells {Piacentini et al. 1992; Melino et al. 1994), and may
have an important role in the limitation of focal ischemic brain damage by
preventing neuronal secondary lysis and massive release of neurotrans-
mitters (i.e. glutamate).

5.7
Cytoskeletal Components

[Ca?*]; modifies cytoskeletal organization and dynamics (Mattson et al.
1995). Increased [Ca?*]; may either directly affect cytoskeletal proteins, or
it may change their phosphorylation/polymerization state. In addition,
raised [Ca?*]; may activate proteases cleaving the cytoskeletal elements or
proteins necessary for the anchoring of the cytoskeleton to the plasma
membrane. Indeed, ischemic hippocampal damage involves proteolysis of
fodrin and other cytoskeletal elements and it is reduced by calpain inhibi-
tors (Lee et al. 1991; Siman and Noszek 1988). In cultured cells, high local
[Ca%*]; can cause microtubule depolymerization (Shelanski 1990). In
CGCs, NO-induced Ca?* influx triggers the sequential depolymerization
and degradation of microfilaments, nuclear lamins and microtubuli (Bon-
foco et al. 1996).

A further effect of Ca?* on the cytoskeleton is the alteration of cy-
toskeletal modulation of membrane receptors and channels. Microfila-
ments are involved in the desensitization of the NMDA-R after stimulation
(Johnson and Byerly 1993), i.e. stabilization of F-actin with phalloidin
prevents receptor desensitization (Rosenmund and Westbrook 1993).Con-
versely, depolymerization of microfilaments with cytochalasin prevents
the Ca?* influx induced by Alzheimer’s disease-related f-amyloid peptides
(Furukawa and Mattson 1995). Modifications of [Ca?*]; have also been



96 M. Leist and P. Nicotera

observed after treatment of CGCs with the microtubule depolymerizing
agent colchicine (Bonfoco et al. 1995a).

6
The Role of Ca* in Different Paradigms of Neurotoxicity

6.1
Heavy Metal Toxicity

Several metals can trigger selective neurotoxic processes, at least in part,
by disturbing Ca?* homeostasis (Nicotera and Rossi 1993). Metals such as
tin or mercury may directly cause an increase of [Ca®*}; either by displac-
ing Ca?* bound to cellular macromolecules, or because they alter the
function of proteins involved in Ca®* import, export or sequestration. This
may lead directly to acute or chronic neurodegeneration (Viviani et al.
1995). In addition, metals, at low concentrations, may have very subtle
effects, not directly disturbing the Ca** homeostasis of resting neurons,
but altering second messenger systems and channels in a way that modi-
fies the cellular Ca?* responses towards physiological stimuli. This may
lead to an increased or decreased Ca?* influx upon stimulation, resulting in
altered neurotransmitter release, alterations in cell differentiation and
eventually sensitization to apoptosis by otherwise non-toxic stimuli (Rossi
et al. 1993, 1997; Viviani et al. 1996).

6.2
HIV Coat Protein gp120

HIV infection and the subsequent AIDS syndrome is frequently associated
with CNS defects and dementia (Lipton and Rosenberg 1994; Lipton and
Gendelman 1995). One of the pathogenic triggers may be the release of the
viral gp120 protein (Brenneman et al. 1988). This protein is known to
cause neuronal apoptosis in vivo and in vitro (Miiller et al. 1992; Kaiser-
Petito and Roberts 1995; Bagetta et al. 1995; Gelbard et al. 1995; Toggas et
al. 1994). The present experimental evidence suggests that the neurotoxic-
ity of gp120 is not direct, but involves secondary excitotoxic mechanisms
resulting in Ca** overload (Lipton 1992a). Accordingly, NMDA and gp120
synergistically induce neurotoxicity (Lipton et al. 1991), and blockage of
VDCC (Dreyer et al. 1990) or NMDA-R channels by various pharmacologi-



Calcium and Neuronal Death 97

cal tools (Miiller et al. 1992; Lipton 1992b) prevents Ca** overload and
gp120-induced cell death. The terminal excitotoxic mediator acting on the
NMDA-R may be produced by macrophages (Lipton 1992c) as a conse-
quence of exposure to gp120 (Giulian et al. 1990).

6.3
Excitotoxic Cell Death

6.3.1
Definition

Excitotoxicity is a phenomenon typically encountered in neurons or myo-
cytes, following a stimulation that exceeds the physiologic range with
respect to duration or intensity. Typical excitotoxic stimulators are cap-
saicin, acetylcholine or - most important in the CNS - glutamate. A large
variety of chronic neurodegenerative diseases seem to have an excitotoxic
component (Choi 1992; Meldrum and Garthwaite 1990). A causal contribu-
tion of excitotoxicity to neuronal damage has also been established in
stroke or head trauma (Lipton and Rosenberg 1994; Bullock 1995; Myseros
and Bullock 1995), as well as in acute poisoning phenomena, e.g. with CO
or MPP* (Turski et al. 1991; Ishimaru et al. 1992). Early observation
showed that direct injection of glutamate was selectively neurotoxic in
vivo (Olney 1969; Lucas and Newhouse 1957). Generally, excitotoxicity is
induced by conditions favouring glutamate accumulation in the extracel-
lular space, and it is enhanced by conditions that inhibit cellular protective
mechanisms, e.g. by energy depletion (Novelli et al. 1988). Typical condi-
tions leading to increased extracellular glutamate concentrations (Bullock
et al. 1995; Rothman 1984; Sandberg et al. 1986; Drejer et al. 1985; Beneviste
et al. 1984) are depolarization of neurons, energy depletion due to hypo-
glycemia or hypoxia (Cheng and Mattson 1991, 1992; Cheng et al. 1994;
Wieloch 1985), or defects in the glutamate re-uptake systems (Volterra et
al. 1992; Rothstein et al. 1996). The contribution to neurotoxicity of synap-
tic activity, i.e. the release of glutamate and stimulation of its receptors on
postsynaptic membranes, was deduced from experiments showing that
inhibition of neurotransmission by Mg?* or glutamate antagonists pro-
tected neurons from hypoxia (Rothman 1983, 1984). More recently the link
between glutamate-release and increased [Ca?*]; has been established
within individual neurons; it has been shown that neurotransmitter re-
lease, triggered by electrical stimulation of hippocampal neurons with
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autosynapses, was sufficient to cause glutamate-induced increases of
[Ca?*]; within the same cell (Tong et al. 1995). This close reciprocal rela-
tionship between increased extracellular glutamate concentrations and
raised [Ca?*]; may result in neuronal death under excitotoxic conditions
(Fig. 3).

63.2
Glutamate and Ca%* Influx

Glutamate can trigger Ca?* influx by various routes. A Ca’* channel is
directly opened by stimulation of the NMDA-R (Seeburg 1993). The key
role of this channel in excitotoxicity is supported by pharmacological
intervention studies (Chen et al. 1992; Simon et al. 1984a; Lipton and
Rosenberg 1994; Dubinsky 1992; Gill et al. 1992; Michaels and Rothman
1990), and by the protective effect of NMDA-R anti-sense RNA in an
experimental stroke model (Wahlestedt et al. 1993). NMDA-R antagonists
achieve only a partial protection, especially in models of global ischemia
as compared to focal ischemia (Valentino et al. 1993; Myseros and Bullock
1995; Buchan et al. 1991; Buchan and Pulsinelli 1990). Additional mecha-
nisms seem, therefore, to be involved especially in neuronal death in the
ischemic core region.

Non-NMDA, ionotropic glutamate receptor subtypes (non-NMDA-R)
are other important mediators of excitotoxicity (Brorson et al. 1994, 1995;
Holzwarth et al. 1994). Non-NMDA-R agonists cause Ca?* influx into neu-
rons (Gu et al. 1996; Hajos et al. 1986b; Murphy and Miller 1989a,b; Court-
ney et al. 1990; Pastuszko and Wilson 1985) and neurotoxicity in vivo as
well as in vitro (Dykens et al. 1987; Manev et al. 1989; Frandsen et al. 1989;
Cox et al. 1990; Milani et al. 1991; Marcaida et al. 1995; Sucher et al. 1991b;
Bindokas and Miller 1995). The mechanisms may involve direct opening of

<
%

Fig. 3. The interactions of [Ca®*]; and glutamate receptor agonists in neuronal injury.
Release of glutamate causes an increase of (Ca**];in postsynaptic neurons by various
direct and indirect mechanisms. Conversely, increased [Ca“]i causes various cellular
changes leading to a release of glutamate. In addition, increased (Ca**)i can lead to the
activation of various cytotoxic processes that may result in cell death. In pathologic
situations these relations may constitute a vicious circle forming the basis of tissue
destruction. NOS, nitric oxide synthase; XOX, xanthine oxidase; PLA2, phospholipase
Az; IP3, inositol trisphosphate; Na+/Ca2+, Na*/Ca** exchanger; Na'/k*, Nat/g*t
ATPase; ROS, reactive oxygen species; VDCC, voltage-dependent Ca** channels
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Ca?* channels (Mattson et al. 1989b, 1993; Gu et al. 1996), the release of
glutamate, which subsequently acts on NMDA-Rs (Pollard et al. 1994;
Courtney et al. 1990; Rothman 1984; Sandberg et al. 1986; Drejer et al. 1985;
Beneviste et al. 1984; Levi et al. 1991; Chittajallu et al. 1996; Sucher et al.
1991b; Mattson et al. 1993a) or a Ca** release from intracellular stores
(Murphy and Miller 1989b). An additional mechanism operated by non-
NMDA-R may be an excessive Na* influx (up to 60 mM intracellular con-
centration), which subsequently causes destabilization of Ca** homeosta-
sis (Kiedrowski et al. 1994; Bindokas and Miller 1995; Reuter and Porzig
1995). In addition, depolarization of neurons following non-NMDA-R
stimulation releases the Mg?* block of the NMDA-R (Monyer et al. 1992a).
Ca?* permeable AMPA/kainate receptors are also permeable to Co?* ions.
This property can be used to visualize Ca?* influx through non-NMDA-R
directly within individual neurons (Lu et al. 1996).

Besides the non NMDA-R, further ligand-operated ion channels may
directly control excitotoxic Ca?* influx. Important examples are the aspar-
tate receptor on Purkinje cells (Yuzaki et al. 1996) and capsaicin-stimu-
lated receptors on sensory neurons (Chard et al. 1995).

Further mechanisms may contribute indirectly to raise [Ca®*];. Gluta-
mate may, for example, increase oxidative stress and trigger subsequent
death in neurons by inhibition of cystine uptake and subsequent thiol
depletion (Ratan et al. 1994). Conversely, increased extracellular cystine
concentrations may cause a glutamate release by reversal of the uptake
system and subsequent excitotoxic stimulation of neurons (Piani and Fon-
tana 1994). In addition, neuronal depolarization following stimulation of
glutamate receptors may activate Ca?* influx through VDCCs (Sucher et al.
1991a; Dreyer et al. 1990; Bithrle and Sonnhof 1983).

Besides the ionotropic glutamate receptors that have an established role
in the deregulation of Ca?* homeostasis and excitotoxicity, there is also a
large class of metabotropic glutamate receptors that control intracellular
Ca?* concentration. Depending on the subtype of receptor, stimulation
may be neuroprotective (Pizzi et al. 1996; Maiese et al. 1996) or aggravating
neurotoxicity (Mukhin et al. 1996).
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6.33
Excitotoxicity and Raised (<Rt

The key role of Ca?* in excitotoxicity (Siesjé and Bengtsson 1989; Dubin-
sky 1992; Choi 1995; Gibbons et al. 1993) is suggested by three different
lines of evidence: (1) There is an obvious increase in [Ca?*]; in in vivo and
in in vitro models of excitotoxic cell death. This has been observed in
ischemic brain (Simon et al. 1984b; Dienel 1984) or in brain slices exposed
to NMDA-R agonists or anoxia (Kass and Lipton 1986; Garthwaite and
Garthwaite 1986b). In addition, glutamate-stimulated Ca?* influx has been
shown directly in cultured neurons by the 4’ICa technique (Eimerl and
Schramm 1994; Berdichevsky et al. 1983; Mogensen et al. 1994; Wroblewski
et al. 1985), and increased [Ca?t]; after NMDA-R stimulation has been
observed repeatedly using fluorescent probes (Milani et al. 1991; Tymian-
ski et al. 1993b; De Erausquin et al. 1990; Dubinsky and Rothman 1991;
Murphy et al. 1987; Michaels and Rothman 1990; Dubinsky 1993). Addi-
tional evidence comes from in vivo microelectrode measurements, dem-
onstrating an 80%-90% decline in extracellular Ca?* during ischemia and
a corresponding increase in intracellular Ca?* (Gill et al. 1992; Kristidn et
al. 1994; Heinemann and Pumain 1980; Marciani et al. 1982; Biihrle and
Sonnhof 1983). Although radioactive and fluorescent Ca?* measurements
yield quantitatively similar results, it is notable that the absolute amount
of Ca?* taken up by cells reaches several millimolar, whereas only changes
in the nanomolar range are observed when [Ca?*]; is monitored (Eimer]
and Schramm 1994; Lu et al. 1996). (2) Prevention of Ca’* entry into the
cell by removal of extracellular Ca?* (Hartley and Choi 1989; Manev et al.
1989; Hajos et al. 1986b; Garthwaite and Garthwaite 1986b; Rothman et al.
1987; Choi 1985, 1987), depletion of NMDA-Rs (Wahlestedt et al. 1993), or
by pharmacological inhibition of glutamate receptors or VDCCs (Choi
1988a, 1995; Lipton and Rosenberg 1994) prevents neuronal death in many
paradigms of excitotoxicity. (3) Prevention of neurotoxicity by inhibition
of downstream effects of Ca®* overload strongly suggests a causal role of
Ca?* in excitotoxicity. Intracellular Ca?* chelators can prevent ischemic
damage in vivo and excitotoxic neuronal damage in vitro (Tymianski et al.
1993b, 1994). Also, inhibition of effectors of Ca®* toxicity such as cal-
modulin (Marcaida et al. 1995), calcineurin (Marcaida et al. 1996; Dawson
et al. 1993), or bNOS (Dawson et al. 1993) protects neurons from the
toxicity of excitatory amino acids.
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634
Open Issues

Some issues concerning the role of Ca?* in excitotoxicity remain to be

resolved. Results in different experimental models are often inconsistent.

For example, only some studies show a quantitative correlation between

increased [Ca?*]; and excitotoxicity (Milani et al. 1991; Randall and Thayer

1992; Frandsen et al. 1989; Lu et al. 1996), whereas others fail to do so in

similar culture systems (for review see Dubinsky 1992). It is apparent that

minor alterations in cell culture conditions seem to have a major influence
on the final outcome of experiments. The following experimental prob-
lems are frequently encountered:

o The measurement of average [Ca®*]; neglects the fact that pronounced
Ca?* gradients exist within the cell (Connor et al. 1988) and that Ca**
concentrations elicited by glutamate within the dendritic spines stimu-
lated by glutamate may by far exceed the average cytoplasmic concen-
trations. In fact, localized Ca?* influx, followed by localized blebbing of
the plasma membrane, has been observed in cultured neurons stimu-
lated with kainate (Bindokas and Miller 1995) and within single syn-
apses (Reuter 1995). In addition, it is likely that the targets of Ca’*
relevant for the induction of cytotoxicity are not homogeneously dis-
tributed. This is suggested by different protective effects of fast and
slow-acting Ca?* chelators (Tymianski et al. 1994).

» The source of Ca?* entry may determine the cellular fate (Tymianski et
al. 1993a; Dugan et al. 1995; White and Reynolds 1995).

« Changes of pH (Kristidn et al. 1994), protein expression (Mattson et al.
1991), as well as the presence of astrocytes (Vilbulsreth et al. 1987) and
many intercellular mediators have been shown to prevent alterations of
neuronal Ca?* homeostasis (Mattson et al. 1993a-c; Cheng and Mattson
1991, 1992; Cheng et al. 1994).

« Kinetics of Ca?* elevation may be very complex and measuring [Ca?*];
at just one defined time point may not yield sufficient information. It is
important to consider that Ca?* may modify its own homeostasis by
receptor activation/inactivation (Tong et al. 1995; Ehlers et al. 1996) by
causing the release of excitotoxic neurotransmitters or by causing fur-
ther Ca?* release from intracellular pools. The understanding of these
phenomena, especially in the in vivo situation, is still a major research
task.
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6.35
A Vicious Circle Formed by Increased [Ca®*]iand Release of Glutamate

On the one hand, there are various pathways resulting in increased [Ca?*];

as a consequence of raised extracellular glutamate concentration. On the

other hand, raised Ca?* concentrations and conditions associated with
raised [Ca®*]; often result in increased extracellular glutamate concentra-

tions. This reciprocal relationship between [Ca?*]; and glutamate creates a

vicious circle that may form the basis for neuronal damage due to many

different initial insults (see Fig. 3). Accordingly, endogenous glutamate
release has been described in many pathological conditions, such as is-
chemia and after stimulation of neurons with excitotoxins or nitric oxide,
or after depolarization (Valentino et al. 1993; Courtney et al. 1990; Wieloch

1985; Choi 1988b; Levi et al. 1984; Gallo et al. 1982; Benveniste et al. 1984;

Sandberg et al. 1986; Rego et al. 1996; Drejer et al. 1985; Rothman 1984;

Hartley and Choi 1989; Palaiologos et al. 1989; Levi et al. 1991). The control

of glutamate release is complex and it is in part inhibited by its own

actions on presynaptic receptors (Chittajallu et al. 1996). There are two
principally different modes of release. One follows the general mecha-
nisms of exocytosis (Iadecola 1997) and involves fusion of synaptic ves-
icles with the plasma membrane (Benfenati and Valtorta 1995). The other
involves reversal of the glutamate uptake carrier (Nicholls and Attwell

1990). The former is ATP-dependent and can be inhibited by neurotoxins

specifically cleaving proteins of the exocytosis machinery (Schiavo et al.

1993, 1995). In line with this, prevention of neurosecretion with tetanus

toxin (Monyer et al. 1992b) or botulinum neurotoxin C (Leist et al. 1997a)

has proven to be neuroprotective against hypoglycemia or NO challenge.
Exocytosis may be modulated by increased [Ca%*]; directly or indi-
rectly:

» Synaptic vesicle fusion requires a high local calcium concentration
which may be provided by physical association of N-type VDCC with
exocytosis proteins (Sheng et al. 1996). Inhibition of presynaptic N-type
VDCC reduced ischemic brain damage, possibly by inhibiting gluta-
mate release (Valentino et al. 1993). Modulation of exocytosis by Ca’* is
further shown by the role of the Na*/Ca?* exchanger in synaptic bou-
tons for exocytosis (Reuter and Porzig 1995). The increase of postsy-
naptic Ca?* following presynaptic depolarization (associated with
presynaptic Ca?* influx through VDCC and neurotransmitter release)
has been shown on single synapses (Reuter 1995). Moreover, neuro-
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transmitter release following depolarization with K* or veratridine has
been shown to be Ca?*-dependent and inhibitable by tetanus toxin (Van
Vlient et al. 1989).

« Besides its direct effects, increased [Ca?*]; may cause neurotransmitter
release indirectly. For example, nitric oxide synthase, activated by ele-
vated [Ca?*];, may produce sufficient NO to cause Ca?*-independent
neurotransmitter release from synaptic vesicles (Meffert et al. 1994,
1996). This mechanism may explain the increased spontaneous presy-
naptic glutamate release following stimulation of postsynaptic NMDA-
R (Malgaroli and Tsien 1992). Conditions contributing to and aggravat-
ing glutamate release are ischemia, mitochondrial damage and depo-
larization due to energy-depletion (Nicholls and Attwell 1990; Schulz et
al. 1996; Rego et al. 1996; Vilbulsreth et al. 1987). Here elevated {Ca**];
may contribute to the generation of cellular stress, but not directly to
the neurotransmitter release. Under such stress conditions, however,
decreased intracellular K* reverses the glutamate transporter. This ef-
fect is enhanced by increased intracellular Na*, which blocks the re-up-
take of glutamate via the transporter (Nicholls and Attwell 1990).

6.4
Alzheimer’s Disease-Associated Amyloid-(-Peptide

Alzheimer’s disease is a neurodegenerative disorder with poorly defined
mechanisms of pathogenesis. The actions of amyloid-f (ApB)-peptides de-
rived form amyloid precursor proteins (APP) (Mattson et al. 1993d) have
been implicated as a cause of neuropathological changes. The neurodegen-
eration observed in patients shows apoptotic features (Smale et al. 1995;
Lassmann et al. 1995). Neuronal apoptosis is also evoked in vitro by expo-
sure to AB-peptides (Forloni et al. 1993; Pike et al. 1993; Le et al. 1995). The
mechanism of AB-peptide toxicity in vitro may involve excessive Ca®*
entry into cells (Mattson et al. 1993e). Furthermore, antigenic changes of
cytoskeletal elements typical of Alzheimer’s disease are mimicked by ex-
cessive Ca®* influx into cultured hippocampal neurons (Mattson 1990). In
addition, when neurons were treated by actin depolymerizing agents,
which are known to block receptor-mediated Ca?* entry, AB-peptide-in-
duced toxicity was prevented (Furukawa and Mattson 1995). The AB-in-
duced destabilization of Ca’* homeostasis in hippocampal neurons
(Mattson et al. 1992) is corrected by preincubation of neurons with various
peptide mediators such as fibroblast growth factor (Mattson et al. 1993b,f)
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or tumor necrosis factor (Barger et al. 1995). The toxicity of AB-peptide is
strongly enhanced by conditions also found in ischemic brain injury, i.e.
raised concentrations of excitotoxic amino acids and hypoglycemia. It may
be speculated that the pathology of Alzheimer’s disease is related to a very
protracted chronic form of excitotoxicity (Scorziello et al. 1996; Mattson et
al. 1993d,e) caused by a conversion of APP to AB. Accordingly, the unproc-
essed APP protein seems to have a dampening effect on the cellular Ca?* by
hyperpolarizing neurons via the opening of potassium channels (Furuk-
awa et al. 1996). In agreement with these findings, soluble APP protects
neurons from AP toxicity (Goodman and Mattson 1994; Mattson et al.
1993g).

6.5
Prion Diseases

The ethiopathology of a variety of spongiform encephalopathies is linked
to the change in tertiary structure of an endogenous protein coded by the
prn gene. Such converted proteins (Prp-Sc) may be infections by them-
selves and are therefore called prions (Prusiner 1996). Prion infection in
vivo or in vitro causes neuronal apoptosis (Forloni et al. 1993; Giese et al.
1995). Similar to the Ap-peptide, prion protein fragments induce the gen-
eration of ROS in mixed neuronal cultures (Brown et al. 1996), and Prp-Sc
may cause calcium influx into cortical cells via the NMDA-R (Miiller et al.
1993). Although it has been suggested that untransformed prion protein
(Prp-c) is necessary for normal synaptic function (Collinge et al. 1994), the
causal involvement of chronic calcium overload in diseases due to trans-
formation of Prp-c to Prp-Sc is merely speculative.

6.6
Decision Point: Neuronal Apoptosis vs. Necrosis

The mode of cell death has a large bearing on the fate of the tissue.
Apoptosis and necrosis, in their classical definitions, are two fundamen-
tally different modes of cell death (Wyllie et al. 1980). Whereas apoptosis is
characterized by a preservation of membrane integrity until the cell is
phagocytosed, this is not the case in necrosis/lysis of cells. Therefore,
neurotransmitter release and inflammation may ensue in the neighbour-
ing tissue. The duration and extent of Ca?* influx may determine whether
neurons survive, die by apoptosis or undergo necrotic lysis (Choi 1995).
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Very low [Ca®*];, or the prolonged inhibition of Ca?* influx, may be neuro-
toxic (Johnson et al. 1992; Mattson et al. 1995). A continuous moderate
increase in [Ca?*]; as that produced by a sustained slow influx may cause
apoptosis, whereas an exceedingly high influx would cause rapid cell lysis.
For example, stimulation of cortical neurons with high concentrations of
NMDA results in necrosis, whereas exposure to low concentrations causes
apoptosis (Bonfoco et al. 1995b). Accordingly, neuronal death in experi-
mental stroke models is necrotic in the ischemic core, but delayed and
apoptotic in the less severely compromised penumbra or border regions
(Li et al. 1995a-d; Pollard et al. 1994; Beilharz et al. 1995; Charriaut-Mar-
langue et al. 1996; Linnik et al. 1995). The same applies to several other
neuropathologic conditions where apoptosis and necrosis have been ob-
served to occur simultaneously (Shimizu et al. 1996; Gschwind and Huber
1995; Portera-Cailliau et al. 1995; Hartley et al. 1994). The sensor and
switch of neurons towards one or the other fate may be located in the
mitochondria (Ankarcrona et al. 1995) (see Fig. 2). Ca?* overload or other
forms of cellular stress may elicit mitochondrial PT (Gunter and Pfeiffer
1990; Gunter et al. 1994) and a consequent release of Ca?* plus a protei-
naceous factor related to cell death (Newmeyer et al. 1994; Zamzami et al.
1996; Kluck et al. 1997; Yang et al. 1997; Susin et al. 1996). In this context it
is important to note that energization of mitochondria and maintenance
of their membrane potential does not necessarily require a functional
respiratory chain. ATP may be imported from the cytosol via the ATP/ADP
translocator and then generate a membrane potential through the oli-
gomycin-sensitive proton pump (see Fig. 2). Consequently, also mitochon-
dria unable to perform oxidative phosphorylation due to the lack of pro-
teins coded by mitochondrial DNA are able to undergo PT and to induce
nuclear apoptotic changes (Zamzami et al. 1996). A complete de-energiza-
tion of the cell (e.g. failure of all mitochondria and of glycolysis) may not
allow the ordered sequence of changes required for the apoptotic demise.
In such a case random processes would result in rapid uncontrolled cell
lysis/necrosis. Therefore, it seems likely that apoptosis ensues under con-
ditions of Ca?* overload or other stress, where there remains sufficient
energy production (ATP) to execute an internal “death programme” (Chou
et al. 1995; Hartley et al. 1994). A common finding in apoptosis is, for
example, that of morphologically intact mitochondria (Hajos et al. 1986a;
Wyllie et al. 1980), that may be energized by electron transport or by
import of cytoplasmic ATP. Accordingly, ATP levels are maintained in PC12
cells, in CGC or in hippocampal neurons undergoing apoptosis (Rothman
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et al. 1987; Ankarcrona et al. 1995; Mills et al. 1995). In a model system
using non-neuronal cells, it has been demonstrated recently that ATP is
indeed a switch between different shapes of cell death (Leist et al. 1997b).

7
Conclusions

Calcium is an ubiquitous intracellular messenger in neurons. Therefore, it
is not surprising that alterations of Ca?* homeostasis are involved in many
instances of cell death. In contrast to the role of Ca?* as harbinger of cell
death, its role as the executor is still discussed. In various instances, a rise
of the [Ca?*]; may only parallel or follow cell death, without being causally
involved. For example, Ca?* influx may be accompanied by the influx of
Zn*, which has been suggested to be a major effector in an experimental
paradigm of stroke (Koh et al. 1996). However, there is compelling evi-
dence from a large number of different experimental models that Ca?*
overload and the downstream events that it triggers are the actual reason
for cell demise, be it apoptotic or necrotic. Thus, the development of
strategies to control cellular Ca?* homeostasis remains a useful approach
to prevent neurotoxicity.
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