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Abstract

Mechano-sensitive ion channels in cells isolated from the heart and
circumoesophageal ganglia of a freshwater smail (Lymnaea stagnalis) were
characterized as K* selective and sensitive to changes in cell membrane
tension.  Using the technique of single-channel recording, stretch-activated
K+ (SAK) channels (30 pS in physiological saline) were shown to have
complex permeation properties indicative of multi-ion channels. SAK
channels were blocked by milli-molar quantities of quinidine or tetraethyl-
ammonium and exhibited selectivity (T1* >K*+ >Rb* >Na* >Li*) properties seen in
many other K+ channels.

SAK channels described in Lymnaea ventricular cells or neuron somas
and growth cones were activated (increased open probability, P,) by
increases in membrane tension produced by suction on the cell membrane.
Stretch-activation was a reversible and repeatable phenomenon, associated
with a reduction in a long closed time separating bursts of openings, rather
than by an increase in the open time. The SAK channel’s stretch-sen-
sitivity was variable between patches, a finding attributable to the inability
to accurately determine membrane tension. In spite of this, kinetic analysis
of heart SAK channels established the presence of at least two open and
three closed states. Similar analysis of neuron SAK channels indicated at
least two open and four closed states. In channels from both cell types,
only the long closed time constant (7, extracted from closed time
frequency distributions) showed sufficient mechano-sensitivity to produce
the observed increase in P, with increasing membrane tension (in one
patch, when P, increased by a factor of 77 times the zero pressure P, 7¢

decreased by a factor of 22).
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In spite of the absence of specific SAK channel antagonists, attempts
were made to establish a physiological role for SAK channels. Neurons and
heart cells were shown to be resistant to severe hyposmotic insults.
Hyposmotic shock resulted in hyperpolarization of the neuron soma resting
poteatial and activation of SAK channels. These results suggested that SAK
channels may contribute to osmotic-swelling limitation.

SAK channels were found in developing neuron growth cones as well
as the cell body. Channel characteristics were similar in both structures
and circumstantial evidence points to expression of new SAK channels
during neurite development.

A new type of mechano-sensitive K* channel was found to coexist
with SAK channels in neuron cell bodies and growth cones. These channels
were in-activated (SIK) by increases in membrane tension and possessed a
greater stretch-sensitivity than SAK channels. Decreased P, was found to
result from the lengthening of the long closed time in a fashion analogous
but opposite to that seen in SAK channels, thus implying a common trans-
duction mechanism. The differing stretch-sensitivities combined with similar
permeation properties (6.6 pS in physiological saline; selectivity sequence,
TI*>K*>Rbt >Nat) suggested that membrane tension could control cell resting
potential and thus modulate voltage-activated Ca?* channels and therefore
the influx of Ca?*, a known regulatory ion. SIK and SAK channels could
therefore provide a mechanism for linking Ca?* influx to tension during

axonal outgrowth.
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Résumé

Les canaux ioniques méchano-sensibles de cellules isolées dans le coeur
et les pganglions circum-oesophagiens chez le gastropode d’eau douce
(Lymnaea stagnalis) ont été identifiés comme étant sélectifs 3 légard du K*
et sensibles aux changements de la tension de la membrane cellulaire. A
I'aide de la technique d’enregistrement au canal unique, on observe, pour les
canaux ionique K* activés par étirement (SAK), une perméabilit¢ (30 pS
dans la solution physiologique) qui indique une nature multi-ionique.
Bloqués par des quantités millimolaires de quinidine ou de tetraethylam-
monium, les canaux SAK ont montré une séquence de qu’on retrouve des
nombreux de canaux K+ (T1* >K*>Rb* >Na*>Lit).

Les canaux SAK décrits sont activés, dans les cellules ventriculaires,
les neurones et les cones d’agrandir de Lymnaea, par une augmentation de
la tension membranaire (accroissement de la probabilité de I’état ouvert, P,)
produite par une succion exercée sur la membrane cellulaire. L'activation
par étirement est un phénoméne réversible, et reproduisible associé 2 une
réduction de la longue durée de fermeture du canal entre les bréves
périodes d’ouverture plut6t qu’a une augmentation de la durée d’ouverture
du canal. La sensibilit¢é des canaux SAK a I’étirement varie d’une plaque 2
I'autre, phénomeng attribuable a VPimpossibilité de mesurer la tension
membranaire de facon précise. Malgré tout, l'analyse cinétique des canaux
SAK du coeur a mis en évidence la présence d’au moins deux états ouverts
et trois états fermés. Une analyse semblable des canaux SAK des neurones
indique la présence d’an moins deux états ouverts et quatre fermés. Dans
les canaux des deux types cellulaires, seule la constante de la longue durée

de fermeture (74, dérivée de la distribution des durées de fei‘meture) a fait
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preuve d’une mécano-sensibilité suffisante pour produire l'augmentation de
P, observée ainsi que celle de la tension membrainaire (3 une endroit
précis, lorsque P, s’est accru par un facteur de 77 fois la pression zéro P,
7 ¢4 @ diminué par un facteur de 22),

Malgré I’absence d’antagonistes spécifiques des canaux SAK, nous
avons tenté d’établir le rdle physiologique de ces derniers. Les neurones et
les cellules cardiaques se sont montrés résistants aux traumatismes hypo-
osmotiques graves. Les chocs hypo-osmotiques ont causé ’hyperpolarization
du potentiel de repos du neurone et lactivation des canaux SAK. Cegi qui
laisse supposer que les canaux SAK contribuent peut-&tre 2 limiter Denflure
par osmose.

Les canaux SAK se situent aussi bien dans les cOnes de croissance des
neurones en développement que dans leur corps cellulaire. Les caractér-
istiques des canaux sont semblables dans les deux structures et des signes
montrent l’expression de nouveaux canaux SAK pendant le développement du
neurite.

Un nouveau type de canal K+ mécano-sensible coexiste avec les canaux
SAK du corps cellulaire et du cone d’croissance des neurones. Ces canaux
sont inactivés (SIK) par Paugmentation de la tension membranaire et
possédent une sensibilité a I’étirement supérieure a4 celle des canaux SAK.
Un P, moindre résulte de prolomgement de la longue durée de fermeture de
fagon analogue mais opposée 2 celle observée dans les canaux SAK,
suggérant un mécanisme de transduction commun. Les sensibilites 3 [Détire-
ment différentes accompagnées de perméabilités semblables (6.6 pS dans la
solution physiologique; séquence sélective TI* >K*>Rb*>Nat) suggérent que la

tension membranaire pourrait contréler le potentiel de repos de la cellule et
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ainsi moduler les canaux Ca?* activés, par le potentiel et donc Pinflux de
Ca?*, ion regulateur reconnmu. Les canaux SIK et SAK pourraient par
conséquent fournir un mécanisme pour lier Pinflux de Ca?* a la tension

durant la croissance axonale.
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Intr ion

Mechanical forces are pervasive in our environment, and are ex-
perienced at the cellular level by all organisms whether they be animals,
plants, fungi or bacteria. External and internal (intracellular and extracel-
lular) mechanical stimuli, can therefore be thought of as a source of
information which organisms can use to monitor their external environment
and internal physiological processes. Evolution seems to have made wide-
spread "use" of this source of information by producing mechanosensory
structures that sense and transduce mechanical energy into meaningful
cellular signals.  Insofar as these forces consist of pressure or tension
changes exerted primarily on the cell membrane and associated cytoskeletal
structures, a logical location for the transducing elements is in the cell

membrane itself.

Exteroreception

External mechanical stimuli are an important source of environmental
information made use of by all organisms. Paramecia use a mechanosensory
mechanism for modulating membrane potential; the resultant changes in
intracellular Ca?* then alter ciliary beating thus affecting swimming
behavior (Eckert, 1972). Higher organisms have developed exquisite senses
of touch by using mechanosensory projections [eg. a cat’s whiskers (Nier,
1975) or cockroach tactile hairs (French, 1985)] or pressure sensitive
receptors embedded in the skin [eg. Pacinian corpuscles (Lowenstein and
Skalak, 1966), Merkel disks and Meissner’s corpuscles (Vierck, 1975)].

Vertebrate auditory structures employ mechanosensitive stereocilia on hair



cells to transduce air pressure differences into membrane potential changes
that modulate neurotransmitter release (Howard et al, 1988; Corey and
Hudspeth, 1979; Hudspeth and Corey, 1977). In a similar fashion, the
vestibular apparatus in vertebrates uses the mechanoelectrical transduction
of hair cells to sense body orientation (Ohmori, 1987; Ohmori, 1984). In
plants it is suspected that mechanosensitive ion channels are used as
gravity detectors (Millet and Pickard, 1988) while magnetic field detection
in some birds and fishes may have as a basis the sensing of the torque

produced by magnetic particles (Sachs, 1988).

Proprioception and Interoception

Probably the least obvious, but most important aspects of mechano-
transduction occurs within the organism itself in relation to self-monitoring.
Musclo-skeletal mechanoreceptors such as muscle spindles, golgi tendon
organs (Vierck, 1975; Leeson and Leeson, 1976), crustacean stretch receptors
(Brown et al, 1978; Pasztor and Bush, (987) and periodontal ligament
mechanoreceptors (Byers, 1985) play central roles in sensing and coordina-
ting limb position, posture, tension limiting and pain reception.

Blood pressure is continuously adjusted through both central regulation
via output from various arterial baroreceptors (Brown, 1981) and locally by
direct responses of the vascular endothelium to haemodynamic shear forces
(Lansman gt al, 1987; Nakache and Gaub, 1988; Olesen et al, 1988). Blood
pressure and blood volume are inextricably linked; hence the regulation of
diuresis by atrial natriuretic factor release from stretched atria (Flynn and
Davies, 1985; deBold et al, 1981). Blood volume regulation goes hand in

hand with osmotic homeostasis; hypothalamic osmotransducers (Abe and

(R



Ogata, 1982) and osmotically sensitive cells in the kidney (juxtaglomerular
apparatus) sense osmotic pressure and thereby measure the colligative
properties of the extracellular fluids (Eckert and Randall, 1983).  Cell
swelling or shrinking caused by osmotic pressure changes will directly
influence membrane tension.

Enteric mechanoreceptors sense filling of gut, bowel and bladder

providing feedback during ingestion, imbibing and excretion.

Intrinsic cellular mechanoreception

The least understood aspect of mechanoreception is also probably the
oldest in an evolutionary context.  The first single-cell organisms were
faced (as are modern ones) with volume regulation problems that required
sensing of cell-swelling and mechanisms to mediate efflux of solutes and
water to prevent lysis. Another basic problem is cell size regulation and
division initiation in reproducing organisms, whether these are single cells
or growing tissues. Motile cells or cellular structures interact with their
environment in a very mechanical way and therefore would be expected to
have mechanotransducers to provide feedback on their progress.

In all these examples mechanotransduction appears to originate at the
single cell. This is seen even in complex transducers such as the cochlea
where individual hair cells do the transducing; the accessory structures act
only as amplifiers, or filters. It is quite likely then, that the plasma
membrane is the site of the transduction event, since it is the omne cell
organelle which is affected by any mechanical perturbation and can control

cell potential. What is the physical basis of these transduction events?



Ion_channels as transducers of membrane tension

What are ion channels?

Ion channels are integral membrane proteins that span the plasma-
lemma thereby providing a diffusive passage for charged ionic species into
or out of the cell. It is useful to view ion channels as enzymes catalyzing
the transfer of ions from an aqueous medium across a hydrophobic barrier,
the lipid bilayer. This barrier is energetically enormous for diffusion of
small ions (250 kJ/mol); ion channels reduce this barrier to ,20 kJ/mol en-
hancing the diffusion rate by 10% times (Latorre and Miller, 1983). 1lon
channels also resemble enzymes in their substrate specificity (ionic selec-
tivity), reaction kinetics, competitive inhibition (by blockers) and the
presumed changes in conformation that accompany the catalytic reaction
(alterations between conducting and nonconducting states, "openings" and
"closings" respectively). In this sense, ion channels are the most efficient
enzymes known, passing 105-10° ions per second. The result of this high
turnover number is a very small [on the order of several picoamperes (pA)],
but measurable single-channel current (see reviews Hille, 1984; Auerbach
and Sachs, 1984).

The a priori prediction that ion channels must exist stems from the
observed macroscopic membrane conductance changes which occur during
the action potential and cnemically mediated receptor potentials, of which
the best known is the acetylcholine induced conductance at tie neuromus-
cular junction, Before Neher and Sakmann (1976) showed directly the
presence of unit conductances in biological tissue, a good deal of indirect
evidence had indicated that discrete microscopic conductance pathways

formed the basis of macroscopic membrane currents (Hille, 1970; Anderson



and Stevens, 1973). In sublime understatement Hille (1970) suggested;
"Many interesting questions concerning the opening and closing of ionic
channels could be answered if unitary conductance changes could be
resolved in a voltage clamp.”

Although early experiments using lipid bilayers had shown that biologi-
cally derived factors could produce conductance changes of the size
expected for ion qhannels (Mueller et al, 1962; Bean gt al, 1969), it was
not until the advent of the patch clamp technique that ion channel activity
was directly demonstrated in biological membranes (Neher and Sakmann,
1976; Neher et al, 1978; Hamill et al, 1981). This technique has now

become central in the study of ion channels (Sakmann and Neher, 1983).

Stretch-activated cation selective ion channels

The physical basis for the voltage- and chemically-dependent macro-
scopic membrane currents was anticipated quite early to be membrane pores
with voltage or ligand-dependent behavior (see Hille 1984), but it was not
until 1984 that Guharay and Sachs directly demonstrated ion channels could
also be tension dependent. With the acuity of hindsight, ion channels
would have seemed to be a natural choice for mechanoelectric transduction.
Indeed, Katz (1950) had suggested that the basis of receptor potentials
observed in the stretched muscle spindle, involved membrane permeability
changes caused by the stretching of ionic pores. Much later, Hudspeth and
collaborators (Howard et al, 1988) and Ohmori (1984) postulated that
mechanotransducing channels were the displacement-sensitive elements in

cochlear and vestibular hair cells.



The first stretch-sensitive ion channel described was found in embryo-
nic chick skeletal muscle (Guharay and Sachs, 1984; Guharay and Sachs,
1985a, Guharay and Sachs, 1985b) and similar channels have been reported
in Xenopus muscle and oocytes (Brehm et al, 1984; Methfessel et al, 1986;
Yang et al, 1986; Yang and Sachs, 1987; Yang and Sachs, 1989), frog lens
epithelium (Cooper ¢t al, 1986), frog oocytes (Taglietti and Toselli, 1988),
rat dorsal root ganglion cells (Yang et al, 1986), rat endothelium (Lansman
et al, 1987), Necturus choroid plexus epithelium (Christensen, 1987), toad
smooth muscle (Kirber et al,1987; Kirber et al, 1988), Amphiuma erythro-
cytes (Yang and Sachs, 1987), human fibroblasts (Stockbridge and French,
1988), neurcblastoma (Falke and Misler, 1988), ascidian oocytes (Moody and
Bosma, 1989) and non-ciliary membrane of guinea pig outer hair cells (F.
Sachs, per. comm.).

All these channels exhibit an increase in activity, ie., probability of
being open, in response to increased membrane tension and thus are
referred to as being stretch-activated (SA). SA channels can be sig-
nificantly activated when ~50 mmHg of suction is applied to the patch
pipette.  These channels all exhibit cation selectivity discriminating poorly
between Na* and K* (Py/Py, = 3.9:1 for chick myocytes, Guharay and
Sachs, 1984; Py/Py, = ~1:1 for lens epithelium and smooth muscle, Cooper
et al, 1986 and Kirber et al, 1988 respectively) and will be referred to as

SACat channels. The single-channel conductances range from 30 to ~S50 pS

picoSiemens (S 1/2). The similarity of these channels and their ap-
pearance in a variety of vertebrate preparations lends support to the
hypothesis that the SACat is the mechanotransducing ion channel found in

vertebrate mechanosensory structures. This notion is further supported by
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the similarity of selectivity characteristics seen in the cochlear hair cell
mechanotransducing conductance and SACat channels (Howard et al, 1988;
Sachs, 1988). Although the cochlear channels have not been studied at the
single-channel level, it is likely that their permeability characteristics are
essentially the same as the SACat channels.

The SACat channel’s permeability to Na* means that under physiolog-
ical conditions increased membrane tension would result in an inward Na*
current. Thus, a depolarizing receptor potential is produced that would
initiate action potentials (producing a spike train, as in Pacinian corpuscles)
or modulate other voltage-dependent membrane conductances (Ca?* channels
which in turn modulate hair cell neurotransmitter release) in response to
mechanical forces.

It is obvious that not all of the aforementioned cell types are afferent
mechanosensory structures, so what other functions do the channels play?
In most cases SACat function has not been demonstrated directly, but has
been implied. For example, stretch-induced contraction in smooth muscle is
expected to result from SACat activity producing a membrane depolarization
followed by Ca?* influx through voltage-dependent Ca?* channels (Kirber et
al, 1988). Christensen (1987) suggests that Ca?* influx through SACat
channels will activate Ca?*-activated K* channels relieving internal osmotic
pressure during hyposmotic shock. Lansman et al. (1987) proposes that
endothelial SACat channels modulate endothelial relaxing factor (ERF)
release. The presence of SACat channels in Xenopus (Methfessel et al,
1986), Rana esculenta (Taglietti and Toselli, 1988) and ascidian (Moody and
Bosma, 1989) oocytes implicates them in a possible role in cell division

during embryogenesis (Sachs, 1988).



K* selective stretch-activated ion channels

The cation selective SA channel is somewhat analogous to the acetyl-
choline receptor channel located at the neuromuscular junction; both are
cation selective and have similar conductances. Activation of either
channel produces a membrane depolarization' (Howard et al, 1988;
Davenport and Thompson, 1987; Corey and Hudspeth, 1979; Brown et al,
1978) as a signal that some external event has transpired, be it mechanical
or chemical. Imposing ionic selectivity on chemically mediated or mechano-
sensitive ion channels will however result in ion fluxes that may produce
membrane potential changes opposite in effect, ie. hyperpolarization in the
case of K* selective channels.  Therefore, SA channels which exhibit
selectivity to specific cations would potentially have different functions, not
expected of the less discriminating SACat channels.

During recordings of isolated Lymnaea stagnalis (pond snail) ventricu-
lar cells, SA channels were observed only when the membrane potential
provided an outward (out of the cell) driving force for potassium (Brezden
et al, 1986). Subsequently, if the external K* concentration was raised (in
the pipette) the reversal potential (V) shifted in a depolarizing direction
along the voltage axis, thus indicating a K* selective channel. The channel
was also shown to be blocked by quinidine but not by other typical K*

channel blockers such as tetraethylammonium and 4-aminopyridine. Because

'There have been no unequivocal demonstrations of SA channels acting
directly to change membrane potential.  However, there is compelling,
albeit, indirect evidence (in the form of mechanically-induced membrane
currents and voltage changes) for mechanotransducing channels acting to
produce membrane potential changes in response to mechanical forces
operating on the membrane.



the channel was not completely inactive in the absence of applied stimuli, it
was suggested that it would contribute to the resting membrane potential of
the cell.  Specific functions related to its mechanosensitivity were suggested
as well: it could function in an osmoregulatory role or to reduce membrane
excitability during ventricular filling (Brezden et al, 1986). The stretch-
sensitivity and kinetics of this channel, dubbed the SAK (stretch-activated
K*) channel, was later addressed by Sigurdson et al. (1987a) (see chapter 2).

An osmoregulatory role for SAK channels was, and still is, an attrac-
tive hypothesis, but requires the presence of the channel in all cell types
of the smail. A survey of cell types revealed that neuroms isolated from
the circumoesophageal ganglionic mass and certain kidney cells contained a
channel analogous to the ventricular SAK channel (Sigurdson et al., 1987b;
Bedard, Sigurdson and Morris, unpublished results). This list of cells lends
some weight to the notion that SAK channels are ubiquitously distributed in
all cell types of Lymnaea, but a comprehensive survey is still required.

These observations have lead to the phylogenetic question; how widely
distributed are SA K* channels? Do related snail species contain the
channels? Do other invertebrates such as arthropods and annelids have
similar channels? What about vertebrates? Bedard et al, (1988) examined
neurons isolated from a snail in the Helicideae family, Cepaea nemoralis,
and discovered a SA K+ channel similar to that seen in Lymnaea neurons
and heart cells. The channels were not found in cockroach or leech
neurons, though preliminary patch data obtained from Aplysia  neurons
indicate the presence of SAK channels (Bedard et al., 1988; S. Siegelbaum,

per. comm. to C. Morris). SAK channels have been found in at least one
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arthropod however; Zagotta et al, (1988) found such a channel in embryonic
Drosophila myotubes,

Recently, stretch-sensitive K* selective channels were found in
Necturus kidney proximal tubule cells (Sackin and Palmer, 1987; Sackin,
1987; Sackin, 1989). This channel may play an osmoregulatory role similar
to that suggested for the snail heart SAK channels (Brezden ¢t al, 1986).
During hyposmotic stress, increased membrane tension would activate the
channels promoting net K* efflux with osmotically obliged water following.
Sackin (1989) has shown that SAK channels can be activated during cell
swelling, but it remains to be demonstrated whether this activation makes a
significant contribution to the volume regulatory decrease seen in these
cells.

It was suggested by Sachs (1988) that SACat channels found in
Xenopus oocytes could regulate cell division during embryogenesis. Medina
and Bregestovski (1988) recently described a SAK channel in embryos of the
loach (a freshwater fish, Misgurnus fossilis). These authors were able to
correlate membrane potential (V) oscillations with periods of channel
activation during the cell cycle. As expected for a K+ channel, during
periods of channel activation V,, was more hyperpolarized than when the
channels were quiescent.

In bovine endothelial cells, Olesen et al. (1988) identified an inwardly-
rectifying K* current activated by haemodynamic shear stress. This current
demonstrated desensitization at high flow rates. Olsen et al. (1988) were
not able to identify individual SA channels, but the inward current closely
resembled ensemble currents produced by inward rectifying K* channels with

respect to the current/voltage relation and block by Ba?* and Cs*. The
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inward rectification and desensitization are not typical features of the SAK
channels so far described (see Sigurdson et al, 1987a; Sigurdson and Morris,
1989; Sackin, 1987; Medina and Bregestovski, 1988; Zagotta et al, 1988), so
it is not clear if the presumed channels are a novel subtype of SAK
channel or if activation of the current is a secondary product of an
unidentified primary stretch sensitive component,  Whatever the transduc-
tion mechanism, it is noteworthy that the stress-sensitivity of the current
is closely matched to the measured haemodynamic stress produced by blood
flow in small arteries and arterioles. = The conductance may therefore
modulate vessel smooth muscle relaxation via gap-junctional coupling or
endothelial-derived relaxing factor release. = The relation between these
channels and the endothelial SACat channels described by Lansman et al.
(1987) is not clear, but Olesen ¢t al, (1988) suggested that at high flow
velocities SACat activation would result in smooth muscle contraction,
whereas low shear stress would cause relaxation. Independently, Nakache
and Gaub (1988) have also shown hydrodynamic hyperpolarization of endo-
thelial cells, but have not characterized the current in detail. Desensitiza-
tion of mechanoreceptor current is not restricted to endothelial cells.
Deitmer (1981) described a K* mechanoreceptor current in the ciliate
Stylonychia mytilus, where receptor current amplitude was linearly depen-
dent on stimulus strength, but current time course appeared phasic, ie.
receptor current decay was independent of stimulus duration.

Recently several types of SA K* channels have been found in cultured
astrocytes (Ding et al., 1988; F. Sachs, per. comm.).
All SAK channels so far described appear to have similar selectivity

characteristics ie., under "physiological" conditions the channels are



outwardly rectifying, passing little or no inward Na* current. Beyond this

similarity, the lack of detailed selectivity studies prevents further com-

parison.

Anion selective and non-selective SA channels

The diversity of species using SA channels is perhaps best exemplified
by the anion selective and by the non-selective channels found in four
different kingdoms. Anion selective SA channels observed in tobacco (Falke
et al, 1987) and E. coli protoplasts (Martinac ¢t al, 1987), while non-
selective SA channels were shown in yeast spheroplasts (Gustin et al, 1988)
and opossum kidney cells (Ubl gt al, 1988a). The E. coli SA channel is
notable in having a very high conductance, on the order of 1000 pS in a
high salt (300 mM CI) solution. Ubl et al, (1988a) suggest the opossum
kidney SA channels, which have a much lower conductance, could play an
osmoregulatory role, a function also put forward for the yeast and E. coli

channels (Sami et al., 1988).

Stretch-inactivated K selective channels

A new mode of mechanosensitive ion channel gating has been recently
found in Lymnaea neurons, namely stretch-inactivation. Here, spontaneously
active K* channels are "turned off" when membrane tension is increased
(Morris and Sigurdson, 1989). These channels coexist with SAK channels
both in the cell body and growth cones. They possess differing stretch-
sensitivities such that at intermediate tensions K* conductance is minimized.
There is mounting evidence that intracellular Ca?* levels play a role in

regulation of growth cone motility and guidance (Kater et al, 1988). It is



suspected therefore that stretch-sensitive ion channels may influence Ca®*
levels in response to membrane tension changes that occur during motility

(Morris and Sigurdson, 1989).

A biophysical model of stretch-sensitivi

Activation of ion channels by mechanical forces inevitability leads to
questions concerning how the channels convert external mechanical energy
(displacement of mass through space) into specific changes in protein
conformation. = Guharay and Sachs (1984) developed a model of stretch-
sensitivity based on simple assumptions about the channel protein and about
pzich dimensions. The model led to some surprising predictions. Guharay
and Sachs (1984) concluded that the observed stretch-sensitivity could only
result from connections between the channel and the underlying cytoskelet-
on. The major tenets of their model (see below) have provided the impetus

for ongoing experiments describing and quantifying this relationship.

A Hooke’s law elastic model

The model developed by Guharay and Sachs (1984) (see also Sachs,
1988) is based on Hooke’s Law which describes the proportionality of force
to applied tension for solid elastic objects. This is the simplest description
of how membrane tension acting on a channel could be converted into
channel conformational changes,  For ‘"one-dimensional" objects such as

wires or springs the relation between force and stretch is given by:

= K(x-1) (1.1)
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where F is the force, K is the elastic constant, x the displacement from
rest and 1 the rest length. The rest length is included since there is no
way of knowing if the resting stress is zero when the applied force is zero.
An example of non-zero resting stress is the case where the spring is
stressed by its own weight.

This formalism can be applied to 2-dimensional objects like membranes
by using tension rather than force and an area elasticity, K,, instead of K

(Helfrich, 1973). For no prestress (1= 0),

T=K,— (12)

and the energy density (ergs per cm?) G, (obtained by integrating the

force over the area change) is:

G, = KA/2(aA/AYA (Helfrich, 1973)
or equivalently A
G, = (1.3)

where T is tension (dyn/cm), AA/A is the fractional increase in channel
area produced by the tension, A is the closed channel area (wr?) and K, is
the area elasticity constant (Guharay and Sachs, 1984; Sachs, 1988).
Experimentally, membrane tension is increased by applying negative pressure
(suction) to the membrane patch. Assuming a hemispherical patch, Laplace’s
Law relates the tension of a thin-walled elastic sphere to pressure, P, and

patch diameter, d by

T = Pd/4 (14)
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Combining equations 3 and 4, thereby accommodating the realities of

pressure and patch diameter, we obtain

(Pd)A
32K,

aG (1.5)
Thus, equation 1.5 relates the free energy change to the pressure applied to
a membrane patch of a specific curvature and area and to the area and
area elasticity of the channel. In practice, we can only accurately deter-
mine P, the one parameter the experimenter controls, but realistic estimates
of patch diameter can be made. Channel area and K, can only be given
limits (see below).

Although this model seems formally correct, how can we relate it to
SA channel data? Guharay and Sachs (1984) were fortunate to obtain a
single-channel patch on which they collected data at several pressures.
Thus, channel open probability as a function of pressure could be related to
changes in the channel kinetics. The model in its simplest form, ie. a 2-
state kinetic model, would have at most two transition rate constants
showing stretch-dependency (a two state kinetic model implies that only one
energy barrier need be crossed between open and closed conformations).
When Guharay and Sachs (1984) analyzed the open and closed dwell times

for their single channel patch, they found the channel occupied at least 3

15



16
closed states and 1 open state, of which only the long closed dwell time

(C,) was stretch-dependent. By assuming a simple linear reaction scheme,

klZ k?.‘! k34
C; <====> C; <====> C; <-——-> O,
ky ks, K
they reached the conclusion that only the rate constant for leaving C,,
kj;, was stretch-semsitive.  This allows the free energy change associated

with membrane stretch, aG, to be equated with a measurable quantity. If

the rate constant for crossing a single energy barrier is (Guharay and

Sachs, 1984)

ki, = keexp(-aG/kT) (1.6)

Combining equations 1.5 and 1.6 gives

Ky, = keexp(-0P?) (17)
where
dzA
0 = ——m (1.8)
32K, kT

and k is the Boltzmann constant, T is absolute temperature and k, is a
constant representing the rate when the open probability (P,) is 0.

Therefore the stretch-sensitive rate constant is dependent on the
pressure squared rather than pressure, as is the channel P, &, which
embodies all the physical characteristics of the channel and patch, is given

by the slope of In P, vs P2 and is a measure of the stretch-sensitivity.
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The maximum sensitivity will place restrictions on the channel area

(A = =r?) and its area elasticity, K,. Equation 1.8 reduces to

1.73 x 1032
B = (1.9)
Ka

if the patch diameter, d is 2 pm (KT = 4.04 x 10 dyn/em at 20°C) and
where r is the channel radius in A. Guharay and Sachs (1984; 1985a)
established for a series of patches, sensitivities that averaged 0.66 cm?Hg
under normal conditions and 4.34 cm?Hg for cytochalasin-treated cells,

Using the larger value as a maximum sensitivity, the ratio

-——rz— > 2.5x 10° (1.10)

Ka
permits inserting values for K, that puts limits on the channel radius, r.
For bilayers, erythrocyte and chick skeletal muscle membranes, area elas-
ticity constants range from 3 to ~500 dyn/cm (Guharay and Sachs, 1984)
which, if we assume the channel protein has the same K, as the membrane,
means the channel radius ranges from 87 A to ~1100 A, a huge protein. It
seems unrealistic that the stiffness of proteins are as low as that of
membranes, but protein K.'s are unknown. They were therefore estimated
from polymers (nylon and rubber), silk (Guharay and Sachs, 1984) and
protein bulk elasticities (Sachs, 1986). These values of K, ranged from
3,000 to 60,000 dyn/fcm making their estimate of protein radius much larger
(as much as 12,000 A) and seemingly unreasonable for a single molecule.

The logical conclusion was that an energy gathering area sufficient for
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collecting the mechanical tension could only result from a distributed cyto-
skeletal network in which the channel was embedded. The channel would
harness the membrane tension by being placed at the node of a network of

cytoskeletal strands.

Predictions of channel density
The whole cell mechanotransducing current (I) is the product of
channel density (N), single-channel conductance (g), membrane potential

(Vo) and open channel probability (P,) for a given membrane tension;

I =gNPV,_ (1.11)

Channel open probability is related to 6 by,

P, = 1/(1 + K exp(-oP?) (1.12)

where, K, is the ratio of opening and closing rates at zero tension for a
simple two state system (Cooper et al., 1986).

The channel sensitivity, 8 is dependent on the area of tension collec-
tion as defined by "channel" radius r and K, (equation 1.9; in the following
discussion K, is assumed to remain constant; ie., the channels do not
change their elasticity as a function of tension). As the radius is made
smaller ® becomes smaller because there is less area/per channel for
collection of tension. If "channel" radius (r) is equivalent to the internode
spacing, then as channel density increases (radius decreases), sensitivity

decreases (Sachs, 1986; 1988). Therefore the model predicts a optimal
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channel density for any given operating tension and channel K, (see
Appendix 1). Large operating tensions provide more energy per unit area
of membrane and thus allow high channel densities. Low tensions require
larger collection areas resulting in low channel densities.  Sachs (1986)
predicted an optimal density of between 1 to 10 pm? which is similar to
values described by Guharay and Sachs (1984), Sigurdson ¢t al. (1987a), and
Howard et al, (1988).

Evidence for cytoskeletal involvement

In order to optimize the tension transmitted to each channel, the
channels must be evenly spaced. Channel insertion into a cytoskeleton
network not only transfers tersion to the channels but would also stabilize
the channels spatially creating a homogeneous distribution.  This in fact
appears to be the case; the number of channels observed per patch in snail
heart cells is almost always greater than one (very few single channel or
zero channel patches) and seems to rarely exceed ~10 (Sigurdson et al,
1987a). A randomized channel distribution would be expected to produce
zero channel and single-channel patches with a frequency greater than that
observed.

Disruption of the cytoskeleton should interfere with SA channel
function. Expecting to find a loss of stretch-sensitivity, Guharay and Sachs
(1984) treated chick skeletal muscle cells with cytochalasins to disrupt a-
actin filaments. They found instead an large increase in sensitivity, which
suggests that actin filaments are in parallel with the channels (not directly
connected) and normaily relieve much of the temsion in the membrane.

Removal of the filaments allowed the channels to "see" more of the



membrane tension. Treatment with microtubule inhibitors and actin stabiliz-
ing agents had no effect on the channels (Sachs, 1988)

Recent evidence for channel/cytoskeleton interactions point to spectrin
and ankyrin as possible candidates for the submembranous cytoskeleton
involved in tension .ollection.  These elements appear to control the
density of Na* channels and pglutamate receptors by anchorage to these
proteins (Siman et al, 1985; Srinivasan et al, 1988). In erythrocyte
membrane preparations, spectrin has been observed to form meshworks with
internode spacings of ~2,000 A (Byers and Branton, 1985). If SA channels
were "hooked into" the intersections of such filaments, the diameter of
4,000 A is in line with estimates for the collection area radius defined
above (see Sachs, 1988). This also correlates with a channel density of
about 1 to 2 pm? (r = 2,500 to 5,000 A). However, it remains to be shown

if such an interaction occurs between SA channels and the cytoskeleton.

Characterization of Lymnaea Stretch-sensitive K+ channels

SA channels are a relative novelty compared to ligand and voltage
dependent ion channels which have been studied in detail for more than
thirty years.  Although the vertebrate SACat channels were the first
described and have been presented as the proto-typical SA channel, the
existence of stretch-sensitive channels displaying K* specificity implies
possible functions other than production of excitatory mechanosensory
currents.  Activation of SAK channels would hyperpolarize the cell, thereby
stabilizing the resting potential (V). A stretch-inactivated K* channel
would produce the opposite effect, i.e, make the membrane susceptible,

upon stimulation, to any depolarizing leakage currents,
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It was now necessary to characterize the biophysical features of
stretch-sensitive K+ channels with respect to their stretch-sensitivity,
kinetics, pharmacological responses and ionic selectivity. This will not only
allow comparison with other SA channels, but perhaps give some clues to
the functional mechanisms of SA channels and the physiological function(s)

they perform.

Lymnaea heart SAK channels

Initially the limited experience with SA channels, prompted a certain
degree of skepticism (among channel biophysicists) regarding the possibility
of artifactual activation of any channel with membrane stretch? An
important question then, was, is there only one channel type affected by
stretch and are the kinetic characteristics of this channel consistent from
patch to patch and cell to cell? Consistency would be a strong indication
of a specific process or mechanism. Additionally, it was important to
determine if Ca?* had any effects on the channel since Ca?*-activated K+
channels are present in molluscan tissues (Adams et al, 1980; Ewald et al,
1985). It was quite possible that a SA channel permeant to Ca?* or a
generalized Ca?* leak during suction would specifically activate a K+
channel of this sort, which would then erroneously be considered a SAK
channel.

The characterization of SAK channels, initiated in Lymnaea heart cells
(Brezden et al, 1986) left many unanswered questions concerning their

stretch-sensitivity and kinetics. Did SAK channels respond to the same

It should be noted that applying pressure to the membrane patch
during single-channel recording was not, and is still not, a normal proced- -
ure for fear of loosing the gigaseal.



22
range of pressures as SACat channels? Did the channel respond with a
monotonic increase in P, or was the response perhaps sigmoid or hyper-
bolic? What is the kinetic basis of channel activation; are the changes in
channel P, as a function of pressure due to changes in specific open or
closed dwell times? From the initial observations it was clear the channel
openings appeared as bursts; ie., openings punctuated by brief closings.
Was this behavior modified by membrane tension and if so, could it be

related to the kinetic parameters?  These questions are addressed in

Chapter 2.

Lymnaea neuron SAK channels

The question of SAK channel distribution in the various cell types of
Lymnaea lead to their discovery in the neurons composing the circumo-
esophageal ganglionic mass. This provided the opportunity for comparison
with the SAK channels found in the ventricular cells and an opportunity to
profit from the advantages of isolated neuron cultures.

The preliminary selectivity data collected from the heart SAK channels
(Brezden et al, 1986) needed elaboration, but the isolated ventricular cells
were difficult to work with; gigaseals were of poor quality, low in number
and cells were spontaneously contractile.  The initial work with the
circumoesophageal neurons indicated an ease of patching that might
accelerate the work.

More importantly, molluscan neurons have been used extensively in
determining the biophysical and cell physiological relations of ion channels,
the best example being that of the Kandel group’s work on identified

neurons in Aplysia (see Siegelbaum gt al, 1982; Belardetti et al, 1987;
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Piomelli et al, 1987; Shuster and Siegelbaum, 1987). Their elucidation of
the modulation of a K+ channel (the S channel) by serotonin [downregula-
tion by phosphorylation via a cAMP-dependent protein kinase (Shuster et
al, 1985)] and the neuropeptidle FMRFamide [up regulation by arachidonic
acid metabolites (Piomelli et al, 1987)] has created a basis for comparison
with other molluscan systems.

Lymnaea neurons have been examined by a number of investigators
who have described circumoesophageal pganglion anatomy (Allison and
Benjamin, 1985), basic electrophysiological properties (Kostenko et al, 1973;
Sattelle, 1974; Moreton and Gardner, 1976; Byerly and Moody, 1984) and ion
channel types (Kazachenko and Geletyuk, 1984; Geletyuk and Kazachenko,
1985; Morris and Sigurdson, 1989; Sigurdson and Morris, 1989; Yazejian and
Byerly, 1989). This background of knowledge will make the inclusion of
stretch-sensitive channel data much easier in regard to channel function in
specific neurons.  Future use of isolated identified neurons will permit
examining possible relations between neuromodulators and stretch-sensitive
ion channels. This could in turn be related to the function of that specific
neuron.

Neurons in culture can undergo neurite outgrowth and synaptogenesis,
processes whose underlying molecular mechanisms are difficult to elucidate
in vivo. Katers group and others have shown snail neurite elongation,
growth cone motility and synaptogenesis are modulated in vitro by electrical
activity and serotonin (Haydon et al, 1984; Cohan and Kater, 1986) which
in turn modulate intracellular Ca?+ levels (Cohan et al, 1987; Mattson and
Kater, 1987, Kater et al, 1988; Goldberg, 1988; Smith, 1988). By definition,

motility is a mechanical process. This immediately raises the question, what
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role do stretch-sensitive ion channels play in motility?  The potential
presence of stretch-sensitive K* channels in or near the motile regions of
neurites would indicate a possible regulatory function for the channels not
previously recognized.

Such factors motivated a switch to isolated neurons for the remainder
of the project. This necessitated some repetition of work already com-
pleted on heart cells. Comparison of channels in two cell types warranted

this approach in any event.

Course of study of Lymnaea stretch-sensitive ion channels

Experimental technique

Single-channel recording is the only electrophysiological technique
available that permits study of the properties of single ion channels. The
technical aspects of this approach have been developed principally by Neher
and Sakmann and collaborators (see Hamill gt al,, 1981; Neher and Sakmann,
1983).  Briefly, the technique relies on the formation of a high resistance
(gigaohm) electrical seal between the cell membrane and the walls of a
glass micropipette (tip diameter 1 - 3 um). The gigaohm resistance forces
all current flow to occur across this patch of cell membrane and conse-
quently through ion channels, The current amplitudes (picoAmperes)
although small, can be detected by a high gain current/voltage converter
whose output voltages can be further amplified, frequency boosted and
filtered by the patch clamp amplifier electronics. The transmembrane field

potential (V) across the membrane patch can be clamped (hence patch
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clamping) by adjusting the pipette voltage (V,). The experimenter can
therefore control the ionic driving forces by voltage or by the composition
of the pipette solution.

There are two single-channel recording configurations typically used;
cell-attached recording, where the patch pipette remains attached to the
cell (patch V, is the result of V, and the resting potential of the cell
(V) and excised patch recording where the mechanical stability of the
gigaseal permits removal of the patch from the cell. In the latter con-
figuration, there is complete control over V., and the ionic composition on
both sides of the membrane.

Since what we observe during single-channel recording, are the ionic
currents which pass through ion channels, we can study these permeation
properties by asking what kinds of ions are passed (selectivity), the current
amplitudes (channel conductance), and the blocking of current flow by
pharmacological agents.

The activity of the channel, i.e. the probability the channel is open, is
dependent on the channels’ gating kinetics. Ion channels open and close in
a stochastic manner, meaning that the durations of openings and the
intervals between openings (closings) are random variables. If the channels’
kinetics are stationary, i.e. have transitions rafes which are invariant in
time, the generation of open and closed dwell times is described as a time
homogeneous Markov process (Colquhoun and Hawkes, 1983). The distribu-
tions of open and closed dwell times will be described by a probability

density function (pdf) composed of the sums of exponential terms. For
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example, if the kinetic model has one open state and two closed states, the

open time distribution will be described by

pdf = arg.exp(-t/to,) (1.13)

and the closed time distribution by

pdf = a7ciexp(-t/7¢;) + a7 exp(-t/7 ) (1.14)

where t is a time interval, 7o, 7, and 7 are time constants (mean
dwell times; inverse rate constants) and a, a,, and a, are the areas of each
exponential term under the pdf. Values for the areas and time constants
are estimated by fitting equations such as 1.13 and 1.14 to frequency histo-
grams of open and closed times (see Material and Methods in Chapters 2
and 5).

Most channels display bursting behavior, i.e. openings are punctuated
with several brief closings producing a burst.  Analysis of burst kinetics
(estimation of mean burst duration and interburst closed interval) proceeds
in the same way as for open and closed times, except that some way must
be developed for delineating a burst. An empirical method was worked out

to do this and is described in detail in the Chapter 2 material and methods

section.

Channel selectivity and pharmacology
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In order to compare and contrast stretch-sensitive K* channels with
other K* channels, basic biophysical information is required. Ion selectivity
is pertinent to any proposed function and so must be clearly established.
Selectivity sequences can help identify possible permeation mechanisms and
allow comparisons with other K+ channels.

1. Under conditions of cell-attached and excised (inside out) patches,
I/V curves (single-channel current amplitudes as a function of transmem-
brane voltage) were made to determine the dependence of conductance and
reversal potential on the concentrations of external test ions.

The in vivo conductance characteristics were approximated by using
cell-attached patches with physiological saline (NS, normal saline) in the
bath and inside the patch pipette. This would demonstrate under "normal”
conditions the polarity of current flow and the effect of channel activation
on the cell’s resting potential (V ).

The shift in reversal potential (V,,) due to the external K+ con-
centration changes was correlated with the expected equilibrium potential
(Nernst potential).  Estimates of internal [K*] (Sattelle, 1974) will allow
calculation of the Nernst potential for any external [K+].

Although a depolarizing V., shift in response to increased external
[K*] is good evidence for a K*-selective channel (Hille, 1984), the precise
amount of shift will depend on permeability to other cations, such as Na*,

which the Nernst equation does not address, A better approach is the use
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of the Goldman-Hodgkin-Katz (GHK) current (1.15) and voltage (1.16) equa-
tions, originally derived for the calculation of permeabilities (for single ion

species) and reversal potentials (for multiple ions) for whole cells (Hille,
1984);

VF? [S]; - [S], exp(-zFV/RT)
I = pga? (1.15)
RT 1 - exp(-zFV/RT)

RT PK[K]O + PNa[Na]o + PglCl],
Ve = — 1n (1.16)
F Pg[K]); + Py [Na);+ PglCl);

where I is single-channel current, Pg permeability coefficient of ion S, V
transmembrane voltage, F the Faraday constant, R the gas constant, T
absolute temperature, z the ionic valence, [S], and [S], the ionic concentra-
tion on the inside and the outside of the membrane, respectively, and Py,
Py, and Pg the permeabilities of K*, Na* and CI' respectively (Hille,
1984). By using the GHK current equation (1.15), Ps, which is independent
of ion concentration, may be found. This permits direct comparisons among
different channels regardless of the ionic concentrations used during
recording. The GHK voltage equation (1.16) can be simplified for biionic
conditions, ie. one ion type on each side of the membrane, and thus give a

permeability ratio between two ions (in this case between the test cation

and K+);

RT Px[x]o
Vv = — 1n
F Py [K};

(1.17)

where V., is the biionic reversal potential, Py and [X], are the per-
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meability and concentration of the test cation respectively (Hille, 1984;
Benham gt al,, 1986).

Permeability ratios cannot be obtained from cell-attached patches since
the internal [K*] is not accurately known. Excised patches (inside out,
outside out) allow control of the ionic conditions, and for a series of test
cations, enable constructicn of selectivity sequences (permeabilities of other
cations relative to K+).

2. What common K channel blockers affect stretch-sensitive K*
channels?  Identification of specific blockers would be a boon in the
determination of channel function. It was shown that among three common
K* channel blockers, tetraethyl ammonium (TEA), 4-aminopyridine (4-AP)
and quinidine, only quinidine blocked Lymnaea heart SAK channels (Brezden
et al, 1986). Later attempts to block heart SAK channels with the Ca?*-
activated K* channel antagonists, cetedil and apamin were also unsuccessful
(Sigurdson et al, 1987a). The effects of quinidine, TEA, barium and
cadmium were therefore tested on neuron SAK channels to determine if a
similar blocking profile was present. This is not a comprehensive list of
potential blockers, but should be large enough to determine if classical K*
channel blockers will be of use in cell physiology studies of channel
function.

3. The ubiquitous nature of Ca?*-activated K* channels requires testing
the Ca?* sensitivity of stretch-sensitive K* channels to be sure that
stretch-induced activation is not an artifact of Ca?* entry through non-
selective SA channels (see Christensen, 1987). This was tested on cell-

attached patches, where the pipette contained 102 M Ca?* and on inside-
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out patches where the cytoplasmic side was perfused with saline containing

108 M Ca?+.

Osmoregulation as a possible channel function

As suggested in Brezden et al, (1986) a feasible role of SAK channels
is that of cell volume regulation during hyposmotic shock. K+ efflux during
hyposmotic shock has been observed in vertebrate (Gilles, 1983; Sarkadi et
al., 1984; Tivey et al, 1985) and invertebrate preparations (Kevers et al,
1979; Treherne, 1980; Kevers et al, 1981). Presumably K+ efflux is followed
by osmotically obliged water thereby relieving swelling.

Net K+ efflux through SAK channels during cell swelling or mechanical
stimulation can be expected to hyperpolarize the cell.  Changes in V
were monitored with intracellular microelectrodes during such perturbations.
A more direct test of the role of SAK channels in osmoregulation was also
made by monitoring SAK P, during a hyposmotic shock. Cell swelling could
then be correlated with changes in P,. These experiments can help assess
if channel activation can occur during nondestructive mechano-stimulation,

The implication of positive results is that channel mechanosensitivity could

be used in a physiologically relevant way.
Stretch-sensitivity and kinetic analysis
What happens when the channel is mechanically stressed?  Kinetic

analysis provides an extremely sensitive approach to this question. When

coupled with a physical model, channel kinetics can give additional insights
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in structure/function relationships (see Sachs, 1988). Examination of
Lymnaea stretch-sensitive K* channels from this perspective is central in
understanding not only how SA channels work in general, but also whether
the tensions needed to activate the channel are physiologically relevant.

Channel stretch-sensitivity was characterized by applying calibrated
suction to the recording pipette. The resulting changes in channel open
probability and the underlying kinetic changes could then be observed for
comparison with stretch-sensitive channels from other cell types. At its
most rigorous, kinetic analysis requires single-channel patches; these were
rarely, if ever, observed. [Even so, examination of this data has provided
insights useful for answering some basic questions. How does the stretch-
sensitivity of heart and neuron SAK channels compare? Are the channel
kinetics similar in the two cell types? Are the kinetic schemes similar to
those observed in other systems; i.e., is only one dwell time stretch-depen-
dent and is it an open or closed time? Do the mechanosensitive changes in
P, follow the pressure-squared relation described in the model of SA
channel activation discussed above?  Are there other channel types that
display stretch-sensitivity? Are SAK channels voltage-dependent?

Channel spatial distribution

Determination of channel function is a major goal for future stretch-
sensitive channel research, but will be hindered severely until an specific
channel blocker is found. Still, a good deal of correlative information can
be found from relatively simple observations of channel density and spatial
distribution. SAK channel distribution was shown to be quite uniform in

Lymnaea heart cells (Sigurdson et al., 1987a). Lymnaea neurons have a
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more complex and interesting morphology, featuring extending neurites
tipped with motile growth cones (Sigurdson and Morris, 1989). The
presence of both SAKs and SIKs in growth cones will permit comparison of

channel properties in membrane regions far removed from each other in

terms of distance and age.
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Chapter 2; Stretch-activated K+ channel in Lymnaea heart cells

Introduction

The ventricular muscle cells found in the freshwater snail Lymnaea
stagnalis, exhibit a resting membrane potential (Vo) determined primarily
by a resting K* permeability (Brezden and Gardner, 1984). During the
course of single-channel recording from these isolated cells, a K*-selective
ion channel was routinely observed, and a role for the channel in setting
the resting K* permeability was postulated (Brezden et al, 1986). Inter-
estingly, the channel displayed a mode of gating different from typical
voltage- and ligand-gated ion channels described in many cell types (see
Hille, 1984), namely activation induced by increases in membrane tension.
The channel is to some degree, spontaneously active at zero membrane
tension; though not observed at V., appropriate ionic conditions in the
patch pipette (high [K*]) or the pipette holding potential (set to provide a
sufficient driving force for K*) reveals its zero-tension activity (Brezden et
al, 1986). The proposed contribution to V., by the channel is therefore
quite plausible, but my main interest has now focused on its gating
behaviour, and on functions which might relate to its stretch-sensitivity.

Stretch-activated (SA) ion channels were first described by Guharay
and Sachs (1984) in chick embryonic skeletal muscle cells and have subse-
quently been seen in other vertebrate cell types (Brehm et al, 1984; Cooper
et al, 1986). These channels discriminate poorly between Na* and K* and
may function as mechanoreceptors in exteroception, proprioception and
enteroception (Sachs, 1986).

The K* selectivity of the cardiac SA channel suggests a different sort

of function for this channel, one that could involve a stretch-induced
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negative feedback on contractility or a volume-induced activation to relieve
hyposmotic swelling. ~ The former suggestion, though feasible in a tissue
undergoing repeated stretching and contracting, remains to be tested. The
latter hypothesis is supported by a body of evidence (mostly non-
electrophysiological) which describes volume-induced increases in K* per-
meability both in vertebrates and invertebrates (Treherne, 1980; Gilles, 1983;
Grinstein et al., 1984). Under hyposmotic stress, cell-swelling  would
increase membrane tension thereby activating the SA channels. The
increased K* permeability then allows K* efflux (observed in many instances
of hyposmotic stress; see Kevers et al, 1981; Kevers gt al, 1979; Gilles,
1983) followed by osmotically obliged water. This model also assumes an
existing Cl' permeability to maintain electro-neutrality. The role of SA ion
channels in this process is not clear at this time.

Only the non-selective cation, SA channel (SACat) has had its stretch-
sensitivity extensively characterized (Guharay and Sachs, 1984). Therefore
I have began characterizing the snail ventricular cell, stretch-activated K*
(SAK) channel by examining the effects of membrane tension on channel

gating.

Materials and Methods

Cell isolation for patch recording followed the enzymatic dispersion
technique described by Brezden et al, (1986). Pieces of ventricle (1 mm
cubes) were treated with 0.25% trypsin (Sigma, type XII-S) for 30 min,
followed by a 1-2 h 0.1% collagenase digestion. All enzyme treatments took

place with gentle agitation and at room temperature (19-25°C).  After
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dispersion, cells were gently centrifuged and resuspended in normal saline
(NS) (see Table 1) supplemented with glucose and antibiotics.

Patch electrodes were made from Corning 7052 glass (1.6 mm o.d. and
either 1.15 mm or 0.8 mm id) and coated with Sylgard prior to fire
polishing.  The side port of the electrode holder was connected to a
mercury manometer with valving allowing application of suction or equilibr-
ation with the atmosphere. Recordings of cell-attached or excised (inside-
out) patches were made using standard techniques (Hamill et al, 1981) with
List EPC-5 or EPC-7 patch-clamp amplifiers at gains of 50 mV/pA or 100
mV/pA.

The kinetic properties of the channels were quantified in two ways.
Open probability as a function of suction was determined from time
averaged current measurements. A cursor driven computer program was
used to determine zero current baseline (corrected for baseline drift) and
the single channel current level in digitized data.  Integration of the
current record and division by the single channel amplitude results in an
average current level. If the true number of channels was known, probabi-
lity of being open (P,) would be known directly, but since I do not known
the channel number the results are presented as a index of P, representing
the average number of channels open. Ideally, at large pressures all
channels would be open and the index P, will represent the total number of
channels in the patch, ie. the P, vs pressure curve will saturate. Even at
non-saturating pressures bursts of activity often reveal many more channels
than the index P, reports. At higher pressures, when zero current sections
were absent, index P, was determined by integrating the current record

played out on chart paper.
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36

KCl NaCl CaCly MgClp Hepes EGTA
Normal 1.6 50.0 35 2.0 5.0 0
saline
30mMK*+ 300 50.0 35 20 5.0 0
saline
IS? 60.0 0 0.2 2.0 5.0 22

Concentrations given in mM.
KOH.
50 ug ml?! streptomycin were added.
@ Intracellular saline.

pH was adjusted with concentrated NaOH or
For bath solutions, S mM glucose, 50 iu. ml! penicillin and
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Analysis of open and closed durations was made on records containing
few multiple openings and which had been digitized at 5 times the filter
cutoff frequency (50 ps point?l; eight pole Bessel filtering at 4 kHz).
Event durations were obtained from automatic event detection software
which used event thresholds set at half the single-channel amplitude (from
baseline) and opening durations greater than 100 usec. Frequency histo-
grams of open and closed durations were produced and used to extract time
constants by regression of the sum of exponential probability density
functions. The Marquardt non-linear least-squares algorithm (Schreiner et
al,, 1985) was modified according to Guharay and Sachs (1984); data were
compared over the integral of each bin of the appropriate function (i.e., the
sum of one, two or three exponentials), with bin widths adjusted to contain
at least five events (a minimum number to allow for the assumption that
errors have a Gaussian distribution). The squared residuals were weighted
with the inverse variance (expected value; see equation 39, Colquhoun and
Sigworth, 1983). Discrimination of the best fit function was based on the
minimum chi-squared value derived from the fitting routine (see Colquhoun
and Sigworth, 1983).

A characteristic feature of SAK channels is their apparent bursting
behaviour; i.e., openings punctuated by several brief closings. Burst analysis
provides an independent test of which kinetic parameters are affected by
suction. The basis of the analysis is as follows. A series of increasing
interburst intervals; i.e,, channels are closed, are used to demarcate the
start and finish of a burst. For example, for a very short interburst
interval of 0.1 msec, all openings would be considered bursts and the burst

duration is simply the average of all open events, proportion of time within
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a burst spent open will approach one and closings per burst approach zero.
As the interburst interval is increased, open events separated by brief
closures will be grouped as a burst. If the channel activity is best
described as a burst of activity separated by a relatively long closed time,
then for a range of interburst intervals, the burst duration should not
change.  Further increases in interburst interval results in bursts being
grouped together causing the duration to rapidly increase, proportion of
time spent open to fall and closing per burst to increase. If channel
events are closely spaced (P, is large or the patch has many active
channels), between-bursts closed events cannot be distinguished from within
burst closings and burst durations cannot be determined.

The analysis proceeded as follows. (1) Idealized records of event
durations were derived from raw data (s:= above). (2) The idealized record
was sequentially processed with increasing interburst intervals and the
average burst duration, closing per burst and proportion of time spent open
calculated for each interval.  Inspection of the plot of burst duration
against interburst interval indicated if the channel exhibited bursting
behaviour (presence of a plateau region where burst duration remains
unchanged). (3) An appropriate interburst interval was empirically selected
from the middle of the plateau region and used as a cutoff (i.e., all closing
less than the cutoff were suppressed) in the creation of new idealized
record that was then treated in the same way as open and closed times.
Mathematical criteria for choosing the interburst interval have been derived

by Magleby and Pallotta (1983) and Colquhoun and Sakmann (1985).
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Results

SAK channels are stretch-sensitive under a wide range of conditions

SAK channels (Fig. 1a), although the most frequently observed, are not
the only channels present in heart cell membranes (Fig. 1b-e). SAK
channel currents can easily be distinguished by their amplitude, flickery
(bursty) kinetics and stretch-sensitivity. The other channel types (Fig.
1b-e) have not been thoroughly characterized, but none exhibited activated
currents. In all patches examined, the presence of SAK channels was
confirmed by application of uncalibrated suction.

SAK channels were observed under a number of different holding
potentials and ionic conditions, the most physiological being cell-attached
with normal saline (NS) in the pipette and bath. Under these conditions
SAK channels were not seen at Vet (about -60 mV for isolated cells;
Brezden et al, 1986), but upon increasing the driving force by depolariza-
tion to 20 mV or more, they became apparent as stretch-activated outward
current (Fig. 2a). Stretch-activation of SAK channels under these relatively
"normal" conditions implies that mechanical effects on channel gating are
not unusual observations, distorted by extremes in voltage or ionic
constituents, but are physiologically relevant phenomena.

SAK channels could be observed as inward current at Vi by addition
of high K+ (30 mM K* saline) to the pipette (Fig. 2b). As with NS in the
pipette, suction elicited channel activation.  Although SAK channels were
ubiquitous in cell-attached patches, excised patches were void of SA current
when symmetrical NS was present. This was not an artifact of vesicle
formation since other channels’ currents were seen (Fig. 1de; 100 pS

currents which are probably CI- channels described by Geletyuk and
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Figure 1. Single-channel recordings from Lymnaea ventricle muscle. a)
SAK channels record under cell-attached conditions with 30 mM K+
saline in the pipette and = +40 mV. In this and all subsequent figures,
upward deflections from the baseline represent outward membrane
current. For purposes of calculating V., the resting potential is
assumed to be -60 mV (see Brezden et al, 1986). No pressure was
applied for these records. Scales: horizontal, 25 ms; vertical, 2.5 pA.
b) A channel seen in about one-third of the patches. This channel has
a smaller conductance than the SAK channel and produces prolonged
burst of outward current under ionic and voltage conditions at which
SAK channel current is also outward. The activity of this channel is
sporadic but showed no evidence of increasing with applied stretch.
Cell-attached patch, 30 mM K®* saline in pipette, V,= +40 mV.
Horizontal arrowhead indicates position of the zero current baseline.
Scale: 5 5, 2.5 pA. c¢) SAK channels (small deflections upward from the
baseline) and a channel which I surmise must be passing inward Na*
current (there is no driving force on CI- and Na* is the only other
ionic species available in the pipette to carry an inward current).
Channel activity with these characteristics was only noted in one patch.
Inside-out patch, normal saline in the pipette, intracellular saline in
bath, V,= 0 mV. Scales: 250 ms, 2.5 pA. d) A large, long-lived
channel seen in a few inside-out patches when Ca?* was present c1 the
intracellular side. This channel has a conductance of about 100 pS in
symmetrical normal saline. It is not known which of the two predomi-
nant ion species (Na* or Cl) is responsible for this current. V_, = +70
mV for this trace. Scales: 5 s, 5 pS. e) Events recorded in symmetrical
normal saline inside-out patch at V_,= +100 mV. This channel activity
differs from that in d in that a number of open states are seen. This
may correspond to the multiple-conductance Cl- channel described in
Lymnaea neurones under similar recording conditions (Geletyuk and
Kazachenko, 1985). Scales: 5 s, 25 pA
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Figure 2. SAK channels are stretch-sensitive under a wide range of
conditions. a) Cell-attached, NS in pipette, V,= -20 mV. Scales: 5 s,
5 pA. For this trace, as well as b, d and e, application of suction is
indicated by bar. b) Cell-attached, 30 mM K* saline in the pipette,
Vp= +60 mV., Scales: 5 s, S pA. «¢) Inside-out patch, NS in the
pipette, intracellular saline perfused over inner side. The high back-
ground (e.g. at 0 mm Hg) level of SAK channel activity may be due to
pressure exerted by the flowing saline of the perfusion pipette.
Channel activity increase when -3 mm Hg and -5 mm Hg are applied.
Scales: 5 s, 5 pA. d) Cell-attached, intracellular saline in the pipette,
Va= -60 mV. Scales: 55, 25 pA. e) Inside-out, intracellular saline in
the pipette, NS in bath, V,= -60 mV or +60 mV. Although large
outward currents flow through the SAK channel when K* is the cation
on the inner side of the membrane, it is not possible to force an
outward Na* current through the channel. Scales: 5 s, 2.5 pA.
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Kazachenko (1983)). The observation is best explained by assuming that the
stretch-activated channel is K* selective and the low [K*] (1.6 mM) in NS
prevents measurable K+ currents from being detected. This was confirmed
in Fig. 2c where outward SA currents were observed in inside-out patches
(NS in pipette) when ‘“intracellular" saline (Table 1; [K+]= 60 mM) was
perfused on the cytoplasmic side of the membrane patch.

Ca?*.activated K* channels are ubiquitous ion channels found in a large
number of cell types including snail neurons (Meech and Strumwasser, 1970;
Adams et al, 1980; see Latorre and Miller, 1983) and since there is good
circumstantial evidence for mechanically activated Ca?* channels (Eckert,
1972), it is possible that SAK channels are being activated by Ca?* influxes
through mechanosensitive Ca?* channels. [ tested this possibility in the
following ways.

(1) SA currents were observed in cell-attached patches (NS or 30 mM
K* in pipette) at large depolarizations (V= +90 mV) where the driving
force for Ca?* influx should be small.

(2) Using excised, inside-out patches (NS in pipette), “intracellular"
saline (Table 1; [Ca?*]= 10® M) was perfused over the inner membrane
surface. SAK channels were observed under these conditions (Fig. 2c).

(3) In cell-attached patches with ‘“intracellular" saline in the pipette,
SAK channels were seen (Fig. 2d); the [Ca?*] on both sides of the mem-
bréne would be presumably less than 107 M.

(4) When Ca?* was present at 3.5 mM on the inner side of the mem-
brane (inside-out, intracellular saline in pipette, NS in bath) stretch-

activated current was observed (Fig. 2e). Any Ca?* fluxes across the
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membrane during suction would not affect [Ca’*] on the cytoplasmic side of
the patch.

Additionally, two drugs, apamin and cetiedii (10¢ M and 10° M
applied respectively to patch pipette), known to block or antagonize Ca®*-
activated K* conductances were tested. Apamin which blocks Ca?*-acti-
vated K* channels in cultured muscle cells (Hugues et al, 1982) and cetiedil
which abolishes volume induced Ca?*-dependent K* conductances in lympho-
cytes (Sarkadi et al, 1984) were both ineffective in modifying SAK channel

conductance, stretch-sensitivity or kinetics.

SAK channel conductance is insensitive to membrane tension

SAK channel current/voltage (I/V}) curves were made with and without
suction being applied (Fig. 3). The slope conductances were essentially the
same; suction did not affect channel amplitude and I can conclude that
membrane tension does not distort the structural regions of the channel
which are involved in ion permeation. It also indicates that significant
amounts of channel bearing membrane are not being drawn up against the
sidewalls of the pipette, since I would expect a reduction in channel ampli-
tudes as he membrane approaches the wall (due to permeant ion depletion

effects).

Effect of membrane tension on the probability that the channel is open

When a series of increasing static negative pressures were applied to a
patch, SAK channels were activated as shown by the appearance of open
and multiple open events. At higher pressures the multiple openings became

fused until individual events could not be distinguished (Fig. 4). This
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Figure 3. A comparison of current/voltage relationships for SAK
channels without pressure (square) and with -10 mm Hg (diamond).
Data were obtained on a cell-attached patch with NS in the pipette.
The slope conductance for both regression lines is 33 pS.



Current (pA)




Figure 4. SAK channel activity at a series of negative pressures. Cell-
attached patch, 30 mM K* in pipette, V,= +140 mV. Arrowhead
indicates release of suction. The continuous record at 0 mm Hg
(following -25 mm Hg) is interrupted then continued 85 s after release
of suction. (The limited time resolution of the x-y plotter accounts for
the apparen. variability in channel amplitudes which are, however, of
unitary height, as shown in Fig. 1a.)
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increase in the open probability was reversible as seen by the immediate
reduction in the number of current levels after release of calibrated
(25 mm Hg, Fig. 4) or uncalibrated suction (see Fig. 2). Typically, this
turn-off after pressure release was immediate if pressure was applied for
only a few seconds, but during long pressure series (Fig. 4) it often took
several minutes for SAK channel activity to return to pre-suction levels. It
is not clear whether this slow turn-off is caused by kinetic processes
related to the length of time the membrane is under tension or is an
artifact due to slow release of suction caused by capillarity within the
pipette,

Plots of index P, (time-averaged currents) against applied negative
pressure (Fig. 5) were derived from records such as those shown in Fig. 4.
In all cases the index P, was a non-linear function of suction, but the
pressure at which index P, rapidly increased varied from patch to patch.
When the patch was able to withstand higher pressures, the index P, began
to saturate (Fig. 4, see -25 mmHg trace; Fig. 5, squares). The saturation of
index P, denotes the lower limit of the total number of SAK channels
present in the patch, which in the case of Fig. 4, is at least 3 channels.
The total channel number cannot be found for a multi-state channel (see
below) since the presence of stretch-independent rate constants prevents
the channel from attaining a P, equal to 1.

It should also be noted that as suction is increased, the current record
becomes noisier (Fig. 4); i.e, the variance increases. This could result from
bursts (see Fig. 1) of channel openings occurring more rapidly in succes-
sion, while intervening closed periods become smaller. The variance will be

largest when P, ~10.5, since on average the channels spend half their time
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Figure 5. The effect of negative pressure on the probability that the
SAK channel is open for different patches with 30 mM saline in the
pipette.  Ordinate: index of P, as explained in the text.  Abscissa:
applied npressure. Triangle, cell-attached, V_,= -80 mV; inverted
triangle, inside-out, normal saline in bath, V,= -40 mV (same patch as
triangle); diamond, cell-attached, V,= -120 mV; square, cell-attached,
V.= +40mV,
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opened or closed. As P, approaches 1, the variance will decrease (each
channel spends more time open), but to a degree dependent on which of the
kinetic components, i.e., openings or closings are stretch-dependent. If an
open dwell time were stretch-dependent (open time increased as suction
increased), the variance would approach the open channel noise level as P,
approached one (assuming one open state), but if a closed dwell time
between bursts decreased as a function of pressure, the variance would only
decrease to a point where the current record was made up of the remaining
stretch-independent kinetic components.  Application of suction sufficient to
saturate SAK channel P, always resulted in variances in excess of the open
channel noise. This is indicative then of a stretch-dependent closed dwell
time.

The foot of the P, curve might be thought of as a threshold region of
channel activation, but only if pressure is directly acting on the channels
and not through any intervening, complex compliancies in the patch. Using
thin-walled pipettes and high magnification Nomarski optics, I have
observed the membrane patch as pressure is applied. The patch appeared
about 10 pm up the pipette where the walls are parallel. Initially the
membrane was flaccid with a central "dimple". When suction (~ -5 mm Hg)
was applied the membrane distended, the dimple disappeared and appeared
to be under tension. There was a rough correlation between channel
activity and the point of membrane distension. This was interpreted as
evidence that channel activation depends on mechanical forces reaching the

membrane and that suction does indeed exert these forces.
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Open and closed states of the SAK channel

The increase in SAK channel P, as a function of membrane tension
could result from either a decrease in the rate of leaving an open state
(mean open time increases) or an increase in the rate of leaving a closed
state (decreasing closed dwell time). The observation that current variance
is high at saturation suggests that a closed dwell time is decreasing. By
examining the open and closed dwell time distributions as a function of
pressure, this question can be addressed.

Ideally, open and closed time histograms used to study distributions
should contain many thousand transitions and originate from a single-
channel patch. Unfortunately, even after switching to heavily fire-polished
thick-walled pipettes (to reduce patch area), single-channel patches were
extremely rare and short-lived. As seen in Fig. 5, the rapid transition from
low P, (few events) to high P, (many events and many doubles) made it
difficult to obtain complete data sets encompassing a complete pressure
series. It was possible however, to collect data over a range of 0 to -45
mm Hg in the cell-attached mode (V,, held at +30 to +60 mV) with either
NS or 30 mM K+ saline in the pipette.

Open time distributions consistently were best fit by the sum of two
exponentials (Fig. 6a) rather than to one exponential. Closed time distribu-
tions 1:quired the sum of three exponentials for the best fit (Fig. 6b). The
SAK channel therefore has at least five distinguishable kinetic states, two

open and three closed.

In any known kinetic scheme, the mean dwell time for a particular

state is the reciprocal of the sum of all rates for leaving that state. If we

assume a simple linear kinetic scheme (see Guharay and Sachs, 1984),



Figure 6. Open- a) and closed-time b) histograms for SAK channels in
a cell-attached patch held at -30 mm Hg and V,= +60 mV. The time
constants associated with the fitted function (continuous line drawn
over the histogram bins) are indicated (O, open; C, closed). The tail of
the third exponential fitted to the closed times is shown as an inset.
Although data were rebinned for the fitting process (see Materials and
Methods) they are displayed here with uniform-sized bin widths.
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Fipure 7. Time constants extracted from exponential fits as a function
of pressure. The points connected by lines represent one cell-attached
patch held at a constant potential (+30, +40 or +60 mV). a) square
Top Circle 7o, b) square 7, diamond 7o €) 7. As explained in

the text, the values for rq,, 7gy T and 7o, reflect the true time

constants, whcreas those for 7o, are expected to scale inversely with
increasing numbers of channels in the patch, and therefore are expected
to vary widely from patch to patch. Inspection of the raw data
indicates that 7o for the two rightmost patches in ¢ continued to
increase with decreasing negative pressure, but adequate three-exponen-
tial fits to the data could not be obtained because of the low relative
density in the tail of the distribution.
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changes in one of the rates (presumably the stretch-sensitive rate) will be
expressed by a change in one of the mean dwell times. Plots of open and
closed time constants as a function of pressure (Fig. 7a and b) show that
for the open times and short-lived closed times there are no consistent
changes that would be responsible for the large P, changes observed. So
by elimination, the long closed time 7o, 15 the only time constant which
should change and this is born out in Fig. 7c.

Multi-channel patches do not permit an unequivocal estimation of long
closed time constants since once a channel has closed, there is a high
probability that another channel will open before the first channel reopens,
thus interrupting the closed interval “"belonging” to the first channel
There is no way to distinguish which closed event belongs to which channel
so the closed time distribution will be heavily contaminated by truncated
closed times. Provided that muitiple openings are eliminated, open times
can be unambiguously estimated because it is extremely unlikely that one
channel, while open, would close simultaneously as another channel opens.
The same reasoning holds for the short closures, 7o, and 7 ie., after
brief closures there is a low probability that another channel will open. I
can therefore assume that the open times, 7o, and 7o; and the short
closed times, 7 and T, are accurately estimated. Kinetically, the SAK
channel can be described as having periods of activity, open durations
puictuated by brief closures, followed by long periods of closure. When
membrane tension is low these long closures can extend for hundreds of
milliseconds, but as tension increases the transition rate for leaving this
closed state increases thereby reducing the averige long closed time. Since

none of the other closed dwell times (recaii the linear kinetic scheme)



appear to be stretch-sensitive, 1 have no evidence for a pressure-dependent

transition rate for entering the long closed state,

SAK channel bursts

Following the procedure outlined in Materials and Methods, SAK
channel bursts were analyzed. In Fig. 8 a.verage burst duration, proportion
of time spent open in a burst and the average number of closings per burst
(all against interburst intervals) are plotted for one patch (Fig. 8a) at 4
different pressures and for 3 different patches (Fig. 8b). These graphs
were used to choose an interburst interval of 3 ms as the appropriate
cutoff time (i.e., all closings shorter than 3 ms are ignored; see Material
and Methods) on the basis that between 2 and 10 ms estimates of these
parameters should not change significantly.  Analysis using 6 ms as the
cutoff was also made for comparison (Table 2).

On the basis of curves in Fig. 8, I conclude that SAK channels do
burst (see plateaus between 1 and 10 ms indicative of an unchanging
parameter as interburst interval increases), but that bursts do not cluster
(no evidence for another plateau at large interburst intervals). These plots
also show that one interburst interval will suffice for more than one patch
and/or pressure. In Fig. 8b, there is an example of data (-30 mm Hg)
which contains overlapping bursts due to the large P,. This data shows no

burst duration plateau and is not suitable for further analysis.



Figure 8. Determination of burst parameters using different interburst
intervals as explained in the text. a) Data obtained from the same
patch at four pressures, square 0 mm Hg, triangle -7 mm Hg, inverted
triangle -10 mm Hg and diamond -13 mm Hg (patch 1 of Table 2). b)
Data obtained at 0 mm Hg for three different patches (square 0 mm Hg
from a, triangle patch 3 of Table 2, diamond patch 2 of Table 2) plus
burst duration data (inverted triangle) for the same patch as diamond
but at -30 mm Hg  Note that abscissae are logarithmic, as are the
ordinates for burst duration and closings per burst.
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Figure 9. Histograms for SAK channel burst activity, An interburst
interval of 3 ms was used in this example, which is from a cell-
altached patch held at 0 mm Hg and V_,= +40 mV. The burst dis-
tribution has been fitted to the sum of two exponentials whereas
interburst intervals can be described by a single exponential.
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We now used the empirically derived interval or cutoff (3 ms) to create
histograms of burst and interburst durations (Fig 9). Burst durations were
best fit to a sum of two exponentials; the fast time constant (presumabl;

individual openings of short duration) represented only 10-15% of events in

56



Table 2. Heart SAK channel burst kinetics

Applied pressure

Parameter 0 mmHg -TmmHg  -10mmHg -13 mmHg
Patch 1
Index P, 0.04 0.03 0.06 0.27
T burstfast (1S) 0.02 0.44 0.39 0.2
(0.19) (0.46) (0.59) (0.25)
Tburstlslow (mS) 4.7 4.7 6.0 11.1
(5.2) (5.6) (7.1) (14.9)
T imterburs {T0S) 113.8 111.0 65.8 40.4
7o (S 120.5 111.4° 71.9 45.5
C(l:?)sings
er burst 14 1.0 1.4 22
roportion of
time open 0.79 0.81 0.8 0.8
0 mmHg 0 mmHg
Patches 2 and 3
T burst/fast (ms) 0.14 0.12
Tbmsllslow (ms 2.6 3.5
(3.8) (4.2)
Tintecburst (I1S) 46.1 397.7
T3 (IS 50.0 323.5
C%sings per burst® 1.7 1.9
Proportion of time open 0.66 0.88

® The values in parentheses were obtained using an interburst of 6 ms
whereas all others are based on a 3 ms interburst interval (both fit to a
sum of two exponentials).

b This value was obtained from a single exponential fit to all closed times
2> § ms, whereas other 7 values are obtained from multiple exponential fits.

¢ Closings per burst pertain to slow bursts only, as explained in the text.
All data are from cell-attached cFatcho&:s. Patch 1, 30 mM K* saline in
pipette, V,,= +40 mV; patches 2 and 3, NS in pipette, V,= +60and +30 mV.
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the distribution, but would contaminate the burst part of the distribution,
Better estimates of proportion of time open and closings per burst were
made by eliminating all "bursts" shorter than 0.7 ms (Table 2). At 0 mm Hg
the mean proportion of time spent open in a burst was 0.78 + 0.11 (N= 3)
and the mean number of closings per burst was 1.66 + 026 (N= 3). Using 3
ms as the interburst interval cutoff, the mean burst duration (70w
was 3.6 + 1.1 ms for these three patches. It is apparent that the burst
duration for this patch does increase as pressure increases (see Fig. 8a
upper panel; Table 2). This may be due to small increases in open dwell
times occasionally seen in some patches (see Fig. 7a).

The interburst interval (the closed intervals between bursts) for each of
the pressures was well fitted to a single exponential. Tinterbursty  LHE
extracted time constant, was similar to rg in terms of magnitude and
changes in magnitude as suction was increased (Table 2). Thus there seems
to be little uncertainty that 7,4« and 7o are essentially equivalent
and that the burst analysis can provide an independent measure of this

kinetic parameter.

Discussion

The Lymnaea cardiac SAK channel is at least as sensitive to membrane
tension as the chick skeletal muscle stretch-activated cation channel
described by Guharay and Sachs (1984). Between 0 and -50 mm Hg suction,
the latter channel showed a non-saturating, linear (In P,) dependence on
the pressure squared. Presumably, the stretch-activated cation channel
would eventually saturate at higher pressures; pressures at which the heart

SAK channels had already saturated (two patches saturated below -25 mm
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Hg) or were well into the steepest part of the P, curve. The SAK

channels are if anything more stretch-sensitive than the chick muscle
channels. This increase in stretch-sensitivity could result from the adjust-
ment of the underlying transduction machinery (increased gain) or to an
intrinsic  difference between the two channels.  Another possibility is that
the intrinsic membrane tension was higher in the heart cell membrane
causing the channels to reach their "operating” tension at lower applied
pressures. (In essence, the foot of the P, vs pressure curve would be
shifted to the right in the case of the chick cells) Guharay and Sachs
(1984) showed that cytochalasin B treated muscle cells were 30 times more
sensitive than untreated cells. They concluded that inherent membrane-
tension was being relieved by underlying actin-containing structures and
removal of these elements by cytochalasin resulted in the stretch-sensitive
channels "seeing" more tension. Physically this could be represented by the
reduction of membrane slack or compliance. An intrinsic adjustment of
similar structures in the cardiac cells, could account for the increased SAK
channel stretch-sensitivity and/or differing sensitivities between patches.

Kinetically the SAK channel and the chick stretch-activated cation
channel are somewhat similar. The SAK channel open time distribution
contains an additional fast component not seen in the chick channel, but
both channels have at least 3 closed dwell times. Both channels exhibit
bursting behavior with bursts dominated by channel openings. The consis-
tency of closings per burst and proportion of time spent open as a function
of pressure is indicative of the stretch-insensitivity of the fast kinetic
parameters that produce the bursts. (As noted in the resuits the rise in

burst duration as suction is increased may be due to small increases in 7,
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but these changes are minor and too inconsistent between patches to
account for the large increases in P,) Guharay and Sachs (1984) were able
to show directly that the transition rate for leaving the long-lived closed
state was stretch-sensitive.  Although I have had to use data that was not
ideal for closed-time determinations, I feel confident my estimate of the
long closed-time also reflects changes in the stretch-sensitive transition
rate because of the qualitative agreement with the estimate of the inter-
burst interval. Therefore in both channel types it is the average closed-
time between bursts that is stretch-sensitive, decreasing with increasing
pressure.

A further similarity between SAK channelé and stretch-sensitive chick
channels is a low and apparently homogeneous membrane density. It is
difficult at best to obtain SAK channel density estimates so it’s only
possible to put limits on the channel density and distribution. A homogen-
eous channels distribution (with a density not greater than 1 pm?) . is
expected for the following reasons. Random sampling of the cell membrane
would produce a Poisson distribution of channel density if the channel was
randomly distributed and had a low mean number of channels per patch.
Single-channel recording is a random sampling of membrane patches and so
{ would have expected to find one-channel or zero-channel patches. Even
using small orifice pipettes I consistently found patches with at least two
or three channels (as many as 10 channels in larger pipettes). Estimates of
membrane patch area (made by observing patches in thin-walled pipettes)
were about 8 pm? thus giving a density less than 1 um?2 In comparison,
Na* channel density ranges from ~100 pm? in Myxicola axons to 3000 pm?

in frog node of Ranvier (Hille, 1984). The non-random distribution of SAK
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channels may be explained by cytoskeletal interactions that limit channel
lateral diffusive mobility (Almers and Stirling, 1984). This is in keeping
with the model formulated by Sachs (1986) which requires cytoskeletal
elements to be part of the transduction machinery.

Is it necessary to postulate a specific transduction mechanism for the
SAK channels? Is stretch-activation an artifact? If membrane tension
acted non-specifically on channel kinetics (in the same way as an increase
in thermal energy, i.e. by increasing all rates), it would be unlikely to find
only one stretch-sensitive kinetic parameter in a collection of at least five
distinguishable states. A non-specific effect of membrane tension should
also result in other channels being stretch-sensitive. This was not observed
(see the low conductance channel in Fig. 1b). Another potential artifact is
the drawing up of new channel-bearing membrane into the pipette exposing
additional spontaneously active channels. Based on channel densities, a 20
fold increase in membrane area would be needed to account for the
observed P, increase. Since stretch-activated currents are observed in
excised patches this is impossible.

The physiological role of the Lymnaea cardiac SAK channel is not clear,
but their hypothesized role in osmoregulation (Brezden et al., 1986) is a
promising one. Preliminary studies of cells isolated from Lymnaea kidney
indicates the presence of channels apparently similar to SAK channels.
These cells also exhibit a quinidine sensitive pathway that limits cell
swelling during hyposmotic shock (Morris et al, 1989). Quinidine blocks
SAK channels (Brezden et al, 1986) so investigation of the volume-regula-
ting behavior in Lymnaea ventricular cells may shed light on SAK channel

function,
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ion_ channels in  snail

The ubiquity and diversity of K* selective ion channels have made
these channels the object of intense study in attempts to understand the
physical basis of ion channel permeation. Previous work has centered on
K* channels whose gating modalities involve voltage and ligand activation.
Recently another mode of channel pating has been described that involves
the transduction of mechanical energy, in the form of membrane tension,
into channel activation (see Sachs, 1988).

Based on selectivity criteria, stretch-activated (SA) channels of animal
cells appear to be of three types (see Kullberg, 1987). There are the cation
selective channels originally described by Guharay and Sachs (1984),
(coramon in many vertebrate preparations) and a K+ selective stretch-
activated (SAK) channel described in pond snail ventricular cells (Brezden
t al

= ==

1988), amphibian kidney (Sackin, 1987; Sackin, 1989), Drosophila muscle

1986; Sigurdson et al, 1987a), land snail neurons (Bedard et al,
(Zagotta et al, 1988) and fish embryos (Medina and Bregestovski, 1988).
Recent reports of a SAK channel in glial cells now extends this distribution
to mammals (Ding et al, 1988). A third type of SA channel, found in
kidney (Ubl et al, 1988a) does not distinguish between cations and anions.

Any function proposed for an ion channel is directly tied to its ionic
selectivity which must therefore be unequivocally determined.  Previous
reports on SAK channels have established a clear preference for K* over

Na*, but generally have not quantified this selectivity relative to other

monovalent cations.  Selectivity sequence data and absolute permeability
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measurements permit comparison with voltage- and ligand-gated K* channels
and allow inferences to be drawn about permeation mechanisms.

Investigation of the SAK channel’s physiological role would be fostered
by pharmacological tools that interfere with channel function.  Earlier
attempts to find a suitable SAK channel blocker met with limited success
since only quinidine was found to be effective (Brezden et al, 1986;
Sigurdson et al, 1987a). This has prompted furthe: examination of quini-
dine and other K+ channel blockers.

Here we report on the selectivity and on its sensitivity to K+ channel
blockers of a SA channel found in isolated Lymnaea neuron cell bodies.
This channel is evidently similar to the SAK channel described earlier

(Brezden et al. 1986; Sigurdson et al., 1987a) in Lymnaea heart cells.
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Materials and Methods

Animals

Pond snails (Lymnaea stagnalis) were collected locally (Rideau River)
or purchased from Blades Biological, Edenbridge, England.  Snails were
housed either in tanks with flow-through dechlorinated water or in aquaria
fitted with charcoal filters and aeration. Temperature was maintained at
15-18° C by water mixing or immersion heaters. Snails were fed on

Romaine or iceberg lettuce ab libitum.

Cell isolation and culture

Neurons were isolated from the circumoesophageal ganglionic ring
which included the right and left pedal, pleural, parietal, cerebral ganglia as
well as the visceral ganglion. The ring was placed in sterile isotonic
normal saline (NS, see Table 3) supplemented with 5 mM glucose. Connec-
tives between the individual ganglia were severed and neurons from in-
dividual ganglionic masses isolated by first loosening the connective tissue
sheath in 0.25% protease (Sigma) (40 min agitation) followed by mechanical
dispersion in glass-bottomed recording chambers or culture dishes containing
glass coverslips.  Chambers were detergent-washed, rinsed thoroughly with
distilled water, surface sterilized with 70% ethanol and then dried in a 60°
C oven for at least 2 hours before use. Cell adhesion and spreading on the
glass substratum was generally good provided the amount of cellular debris
was minimized during dispersal. To improve adhesion, coverslips were
sometimes acid/base washed with 1% HCl followed by 1% Na,CO, and

thorough rinsing with distilled water (Jacobson, 1977). Cultures were
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maintained in sterile NS, supplemented with 5 mM glucose, penicillin (500

1.U. ml) and streptomycin (500 ug ml-1),

Recording solutions

NS was used as the standard bath saline and pipette solution to
simulate physiological ionic conditions.  Recording solutions used in the
patch pipette, bath and perfusion pipette are listed in Table 3. Solutions
used for comparisori of relative K* and Na* permeabilities are referred to as
50K,10Na, 10K,50Na or 100K. For biionic experiments pipette solutions
contained 50 mM of the test cation (counter ion either Cl° or gluconate,
except for TI* whose counter ions were acetate or nitrate). The patch per-
fusion solution (PPS) and a simulated intracellular saline (IS) contained a
calculated free Ca?* concentration of 10® M. Quinidine and tetraethyl-
ammonium (TEA) (Sigma) in NS were used as patch pipette fiiling solutions
as needed. The ionic strength of pipette solutions was kept approximately
the same as NS except for those containing 100 mM KCl  All solutions
were buffered with 5 mM Hepes with pH adjusted to 7.6 with either 0.1 M
NaOH or KOH.

Cells were cultured and all recordings made at room temperature (18-

23 Q).



Table 3. Culture and Recording Solutions (in millimoles/liter)"

Solution

Na K Ca Mg EGTA

NS 50.0 1.6 3.5 2.0

30K 20.0 300 3.5 20

S0K uxternal 50.0 1.0 0.0

100K external 100.0 1.0 0.0

50K,10Na 10.0 50.0 1.0

10K,50Na 50.0 10.0 1.0

S0K FPS 50.0 0.2 2.2
100K PPS 100.0 1.0

IS 60.0 0.2 20 22

* All solutions adjusted to pH 7.6 with 0.1 M NaOH or KOH.
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Recording Configuration

Standard single-channel recording techniques were employed (Hamill et
al, 1981) to record from: cell-attached or excised (inside-out) patch con-
figurations.  Patch electrodes were pulled (Kopf 750 pipette puiler) from
Corning 7052 capillary tubes (Garner Glass Co, Claremont, CA ID=0.8 mm,
OD=1.65 ram) and fire-polished with a platiiom/iridium heating element just
before use. Pipette tip openings were estimated to be a maximum of 2 pm
in diameter prior to fire-polishing and had a mean bubble number of 4 +
0.6, n=5 (Sigurdson and Morris, 1989; see Corey and Stevens, 1983). Suction
was applied to the patch pipette through the sidearm of the electrode
holder and when required monitored by a Bio-Tek pressure transducer (Bio-
Tek Instruments, Burlington, VT).

Single-channel currents were recorded using an Axopatch 1A (Axon
Instruments, Burlingame, CA) or List EPC-7 (List Medical/Medical Systems,
Greenvale, NY) patch clamp amplifier.  Currents were filtered (8 pole
Bessel, Frequency Devices Inc) at 5 or 10 kHz and stored on either FM
tape (Racal Store 4) or on video tape using a PCM-1 (Medical Systems,
Greenvale, NY) digitizing unit. For analysis of current amplitudes, data
were filtered at 1 or 2 kHz, displayed on a digital storage oscilloscope and
the amplitudes of at least 10 individual events directly measured from the
display.  Alternatively, current records were filtered at 2.5 or 5 kHz
digitized at 10 kHz and amplitude histograms generated point by point on a
DEC LSI 11/23 computer. Mean channel current was obtained by manually
selecting the midpoint of such histograms.

'f‘o facilitate rapid solution changes during biionic recordings, the

recording pipette was placed in the flow of large >50 pm diameter perfusion
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pipeite (Yellen, 1982). Flow rate was hydrostatically controlled and could
be monitored by observing schlieren lines during mixing of the bath and
PPS. The SAK channels were sensitive to the perfusion flow rate; too
great a flow tended to activate the channels. To balance channel activity
with a flow rate sufficient to exclude the possibility of bath contamination
of the perfusion stream, the hydrostatic pressure head was adjusted using
the coarse controls of a micromanipulator. It was possible to change the
internal bathing solution of the patch in less than one second and, given
the appropriate ionic conditions, observe changes in channel amplitude and

polarity.

Current/Voltage Relations

Current/voltage (I/V) curves were constructed from single-channel
amplitudes of SAK channel currents during application of negative pressure
(usually uncalibrated, but sufficient for identification).  For cell-attached

I/V relations the membrane voltage (V,,) was taken to be:

Vi = Vg = Vp (3.1)

where V, is the pipette holding potential and V., the assumed resting
potential of the cell. V., obtained from intracellular measurements, was
previously shown to be -50 mV 4+ 19mV (sem, n = 32) (Sigurdson and
Morris, 1989).

V., (zero current potentials) were determined either directly from
the current record or by interpolation of the I/V curves. In cases where

currents were too small to be observed, such as for Na* and Li*,
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approximate V,./s were obtained by extrapolation of the K% quadrant
(cutward current) of the I/V curves.

Permeability ratios were determined under biionic conditions by use of

a simplified Goldman-Hodgkin-Katz (GHK) voltage equation

(3.2)

where F is the Faraday, R the gas constant, T the absolute temperature,
V., the biionic reversal potential, Py, [X], and Py, [K]; the permeability
and concentration of the test cation on the outside of the membrane and
K* on the inside of the membrane respectively (Hille, 1984; Benham et al,
1986). Rearranging equation 3.2 gives the Py/Py ratio directly from the
reversal potential, V..

Px [K]iexp (V. F/RT)

— = (3.3)
PK [X]o

Under the low ionic concentrations (relative to terrestrial or marine
organisms) used in these experiments (see Table 3), Nat and Li* currents
through the SAK channel were generally not seen. To more closely examine
the relative permeabilities of Na* and K*, a mixture of the two ions was
chosen which resulted in I/V curves having measurable single channel
currents on either side of the zero current potential. By assuming no CI
permeability, a modified GHK voltage equation gives the Py/Px ratio
directly from a mixture of two ions

Pna  eXP (Ve F/RT) [K]; - [K],

= (3.4)
PK [Na]o = eXxp (vrch/RT) [Na]i
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where Py, Py are the permeabilities of Na and K respectively, V., the
zera current potential, [K], [K], [Na], and [Na], the concentrations of K
and Na on the inside and outside of the membrane.

Absolute values for ion permeabilities permit comparison with other
channels which are examined under different ionic concentrations. These
are given by the GHK current equation for conditions of one ion on each

side of the membrane (Hille, 1984; Benham et al,, 1986)

VF? [X]; - [X], exp(-2FV/RT)
I = Pyz? (3.5)
RT 1 - exp(-zFV/RT)

where I is the single-channel current, Py the permeability of ion X
(cm s, derived from the limiting conductance), V the transmembrane
voltage, z the valence, and [X], and [X], the concentrations of X on the
inside and outside of the membrane. For symmetrical solutions, i.e. [X]; =

[X],, this reduces to

VF?
I = Py2? — [X] (3.6)
RT
or
IRT
Py = ———— (3.7)
ZWVF2[X]

(Benham et al., 1986). Therefore, I is linearly dependent on {X] thus
allowing comparison of Py in instances where [X] is not the same. Pyg was

determined in this way by using symmetrical K* solutions, constructing an
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I/V curve, calculating a P¢ for each current/voltage pair and averaging the
Py's.

Analysis of burst characteristics, duration and number of closings per
burst, was performed using an empirical technique described in Sigurdson gt
al, (1987a) and Chapter 2. Briefly, to define a group of channel openings
as a burst, a series of increasing interburst intervals are tested. For very
short intervals, openings will be defined as a "burst’. As intervals increase
in length, short closings are ignored, thereby grouping openiugs together
into bursts. If bursts are well separated, there will be a range of increas-
ing intervals, for which burst durations do not increase as the interval
increases. This "plateau" region of a plot of burst duration vs interburst
interval can be used to give an estimate of true burst duration. The
number of closing per burst was obtained in the same fashion.

The errors about means are expressed as standard deviations (std) or
standard errors (sem), while errors about slopes are given as the standard
error of the slope (ses). For comparison of 2 or more slopes, a F test for
the discrimination of significant differences between slopes was used (Sokal

and Rolf, 1981).

Results

A neuron soma ion channel activated by stretch

Under nominally physiological conditions, i.e., NS in the patch
electrode and bath, the stretch-activated channel was observed as outward
current. During the application of suction, the number of open events per
unit time and the number of open channels increased, resulting in an

eruption of activity (Fig. 10a). When high K* is present in the pipette SA
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events can be cbserved at the resting potential of the cell (Fig. 10b) or at
depolarized voltages (Fig. 10c). The presence of high concentrations of
external Ba* and Cs* do not block SAK channel conductance and none of
these agents, including TEA, affect channel stretch-activation (Fig. 10d, e,
f). The channels are not sensitive to Ca?* as shown in cell-attached and
inside-out patches where Ca?* has been buffered to 10¥® M (Fig. 10c, f).
The activation of the channels is quite rapid (1 - 2 s), giving a quick
diagnostic for the presence of the channel. The channel was seen in
virtually every neuron and every patch (>200 patches) examined in this

population of unidentified neuronal somata.
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Figure 10. Neuron SAK channels activated under a variety of con-
ditions. In these long time base records, channel openings appear as
spikes. a) During application of suction (indicated by line below this
and subsequent recording traces) both frequency of channel opening and
the numbers of open channels increased. At least 3 channels were ac-
tivated as shown by outward current levels.  Simulated physiological
recording conditions, i.e. cell-attached, NS in pipette and bath. V, =
+50 mV, assuming that V., = -50 mV (see Methods). b) In cell-
attached patches, with 50 mM K* present outside (in pipette) and V,
at rest, suction elicits inward current as expected for a K* selective
channel under conditions where E; was approximately zero (assuming
[K];, = 50 mM) and the driving force equal to V., (about -50 mV).
¢) SAK channels remained responsive to suction in the presence of
intracellular levels (10% M) of external Ca?*, Cell-attached patch with
IS present in pipette. V., = +70 mV. d) External TEA (10 mM TEA in
NS in pipette) did not affect SAK channel stretch-sensitivity nor
completely block outward SAK channel in cell-attached patches.
Current amplitudes were reduced however, at V. ’s in the physiological
range (see Fig. 22a. V_, = +90 mV. e) At high external concentra-
tions, Ba* had no effect on SAK stretch-sensitivity and did not block
oumtward K* current or permeate the channel. Cell-attached patch; 50
mM Ba* in pipette. V, = +70 mV. f) Excised patches (inside out)
containing SAK channels were formed for determination of biionic
permeability ratios. In this example (50 mM Cs* in pipette and 50 mM
K+ PPS perfusion) Cs* did not block outward stretch-activated K*
current nor affect stretch-sensitivity, The low [Ca’*] in PPS demonst-
rated that SAK channel activity is not dependent on cytoplasmic Ca?*.
V, = +80 mV. In all excised patches, SAK channels were activated by
application of suction to ensure positive identification of the channels
in what were usually quite noisy records. Suction was uncalibrated
(~-40 mmHg) and manually applied. The increased noise (compared to
cell-attached patches) arose (more often) from a decrease in seal
resistance or as in this case from other lower conductance, non-
stretch-sensitive channels, All records filtered at 1 kHz.  Scales, all
records S pA; aandb 1.255;¢,5s;d,eand f, 2.5s.






Channel conductance as a function of stretch

In a simple mode! of SAK channel gating, one could envisage
membrane tension causing the channel pore to widen sufficiently to
allow ions to permeate (the "rubber donut" model) (Sachs, 1988). Such
a mechanism would have profound effects on the permeation properties
of the channel, which would now be dependent on the degree of
membrane tension. This possibility was tested by examining channel
amplitudes and slope conductances as a function of pressure.

Fig. 11 is a point by point histogram of current for the same patch
at 6 different pressures. It is clear for the first nonzero peak,
representing one open channel, that channel amplitude is invariant as
membrane tension is changed. When 2 or more channels are open,
increased current variance makes it difficult to obtain long periods
when amplitude can be precisely measured.  Nevertheless, when the
midpoints (determined by eye) of the distributions are averaged, the

amplitude of two open channels is twice that of one open channel.
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Figure 11 . Point by point amplitude histogram of SAK channel
currents for 6 different pressures, ranging from 0 to -70 mmHg.
Histogram peaks correspond to the zero current baseline, 1, 2 and 3
channels open simultancously. The third peak was obtained only at -70
mmHg, during periods when 3 channels were open for significant
periods of time. Amplitude means for 1 and 2 channels were found by
selecting the midpoint of the respective histogram peak.  Histogram
peaks were arbitrarily scaled for display purposes. Cell-attached patch
with NS in pipette and bath. V,, = +70mV.
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Current voltage relations of cell-attached patches

Under physiological ionic conditions (NS in the patch electrode),
inward SA current was never convincingly observed even at large hyper-
polarizations. At extreme voltages, only currents associated with gigaseal
breakdown were seen. This outward rectification of the single channel
current therefore suggested a K* selective channel (Fig. 12).  Substitutions
of patch electrode solutions for those containing higher [K+] demonstrated a
shift in the depolarizing direction (Fig. 13, 14) consistent with K* selec-
tivity,  For cell-attached patches variation in the resting potential (V,.q)
in a mixed population of neurons precludes accurate measurements of
reversal potential (V) shifts, Intracellular recordings indicated an
average Vg, of -50 mV + 19 mV (sem, n = 32) (Sigurdson and Morris,
1989; Sattelle (1974) reported a Vg of -53.3 mV + 27 mV with identical
external K+), but this encompasses much variation (Vg ranged from -36
to -75 mV). Nevertheless, for convenience, transmembrane potentials

reported here are based on an assumed Vi of -50 mV when the bath
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contains NS. The Nernst potential for a 1.6/530 mM (50 mM is a reasonable
estimate of internal [K*], see Sattelle, 1974) K+ gradient is -87 mV, for
30/50, -13 mV and for 100/50, 17.5 mV. The observed V., shifts for 30
K+ and 100 mM K* saline (Fig. 14) were -9.7 mV + 3.7 mV (std, n = 4) and
+24 mV + 52 mV (std, n = 3) respectively, reflecting approximately the
correct shift of 58 mV per decade concentration change for a K* electrode.
The V., for 50 K+ saline was +7 mV + 13 mV (std, n = 5) which was close
to the expected Eyx of 0 mV, but displayed a variability which [ cannot
account for, Cell attached slope conductances increase as external K<
increases (Fig. 14), in general agreement with the GHK current equation

(equation 3.5).
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Figure 12.  Current/veltage relation for a cell-attached patch demon-
strating outward currents of spontaneously active SAK channels under
physiological ionic conditions (NS in pipette and bath). Zero current
was observed when V., was equal to V., ie. pipette holding potential
equal to 0 mV. Inward current could not be elicited at larger hyper-
polarizations. No suction was applied during these records, but stretch-
sensitive channel current could be elicited throughout this voltage
range (not shown). Filtered at 2 kHz; scales, 5 pA and 50 ms.
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Figure 13.  Current/voltage relation for a cell-attached patch demon-
strating inward and outward currents of spontaneously active SAK
channels under conditions of high external K* (100 mM, NS in bath).
Zero current potential was approximately 10 mV. No suction was
applied during these records, but stretch-sensitive channel current could
be elicited throughout this voltage range (not shown). Filtered at 2
kHz; scales, 5 pA and 50 ms.
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Figure 14, Cell-attached I/V curves showing V., shift with increasing

external [K+].  For pipettes containing NS, inward current was not

observed at large hyperpolarizations. Linear extrapolation of the NS

curve therefore is an underestimate of the zero current potential

(departures from linearity of the curve would be expected at greater

hyperpolarizations, although outward current amplitudes would likely be

too small for accurate measurement). Slope conductances increased as

the concentration of external K* was increased. Under physiological

conditions (NS in pipette) SAK channels had a conductance of 30 pS +
7 pS (std, n = 7), which increased to 33 pS + 3 pS (std, n = 4) with 30
mM K*, 43 pS + 5 pS (std, n = 4) with 50 mM K*, and to 56 pS + 6 pS
(std, n = 3) when 100 mM K* was the external [K*].



Current (pA)

n
1

W
L

140



81

Relative Na*/K* permeabilities

To circumvent the problem of unknown resting potentials, excised
patches were used to determine the relative permeabilities of K+ and other
monovalent cations. Na* is the major cation of the extracellular fluid in
Lymnaea (Brezden and Gardner, 1983) and therefore a candidate for any
inward current which might flow through these channels. However, during
cell-attached recording, inward currents were undetectable with NS in the
pipette making the reversal potential asymptoticc. To provide a more
accurate measure of V., a new bathing solution containing a higher K*
concentration (enough to produce detectable outward current) was used (50
mM Na*, 10 mM K+).

Excised patches, useful for this experimental purpose proved to be
difficult to obtain. The channel’s mechanosensitivity was often problematic
in that upon excision, channels were activated to a point where single-
channel amplitudes could not be measured accurately.  The fact that
excision followed by exposure to low Ca?* solutions did not reduce the
activity is good evidence against this being a Ca’*-related effect (see Fig.
10c, f). Perhaps, the tension on the membrane and underlying cytoskeletal
elements during and following excision disrupts the "normal" channel
activity in an essentially irreversible way. In those patches where single-
channel activity was more moderate, flow from the perfusion pipette often
activated the channels (see Methods).

Fig. 15 presents the I/V curves obtained for one patch (50 mM K*, 10
mM Na* in the patch electrode) under 3 conditions: cell-attached, inside-out
and inside-out/perfusion. As expected for a K* selective channel (assuming

Vg 15 -50 mV and an intracellular [K+] of ~50 mM), V, is initially near
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zero under cell-attached conditions. When the patch is excised into 10 mM
K+/50 mM Na*, V., shifts to +33 mV (by linear extrapolation), approaching
the K+ equilibrium potential (E¢) of +41 mV. For three such patches, V
was +323 mV + 3.6 mV (std), giving a Py /Py ratio not greater than 0.083
(equation 3.4). When this patch electrode was placed in the flow of the
perfusion pipette containing 100 mM K*, V., shifted in a hyperpolarizing
direction to -17.5 mV; ie. to the K* Nernst potential (-174 mV). This
represents a 50.5 mV shift in V., per 10 fold increase in [K*].
The channel has negligeable Cl permeability since V., in the cell-
attached mode (presumably low intracellular [Cl] and therefore a negative
Eo) was near zero and a depolarized V., was observed under symmetrical

ClI- for the excised non-perfused patch.



Figure 15. IV curves for one patch under 3 different ionic conditions.
a) Cell-attached patch with S0K, 10Na in pipette. Vo, = -6 mV, slope
conductance was 64 pS based on linear portion of curve. Data fit to
3¢ order polynomial for display purposes. b)  Excised (inside out)
patch with 10K, 50Na in bath. Extrapolation of linear regression line
to zero current gave V., as +33 mV (Eg = +44 mV for this K*
gradient). Slope conductance was 27 pS. Curve represents calculation
of GHK current equation (equation 3.5) using [K]; = 10 mM and X}, =
50 mM (Py determined from limiting conductance measurements in Fig.
16a). <¢) Internal solution changed to perfusion solution consisting of
100 mM K*. TV curve shifted in depolarizing direction as predicted
for a K+ selective channel. V., (estimated from 3™ order polynomial
curve fit) was essentially identical to Eg (-17 mV) for a 50/100 ionic
gradient. Slope conductance based on most linear portion of curve was
54 pS. Curve represents calculation of GHK current equation using [K];
= 100 mM and [K], = 50 mM.
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Absolute K* permeability

An absolute measure of SAK channel permeability to K+ was deter-
mined (equation 3.7) under symmetrical K+ (50 mM) using inside-out patches
with the internal solution provided by a perfusion pipette. Based on four
such patches, Py was found to be 49 x 10® + 076 x 10® cm s! which
is comparable to high conductance Ca’*-activated K* channels (Latorre and
Miller, 1983; Blatz and Magleby, 1984; Benham et al, 1986), but is about 3
times larger than the Aplysia S channel (Shuster and Siegelbaum, 1987; see
Table 4). A large permeability can be reconciled with the relatively low
slope conductance of 86 pS (Fig. 16a) by recalling the lower ionic strength
of solutions used. In Fig. 16a, the deviation from linearity seen in the de-
polarizing quadrant is a consistent feature of I/V curves produced under

symmetrical K* conditions.

Biionic selectivity

SAK channel permeability ratios were determined from V_’s obtained
under biionic conditions for the monovalent cations, Na*, Tl*, Rb*, Li* and
Cs* (Figs. 16b, 17). V_/’s for Na*+, Li* and Cs* were difficult to establish
due to the very low current amplitudes and the increased baseline noise
encountered in excised patches. Currents carried by Li* and Cs* were not
detectable in either cell-attached or excised patches (test cation in the
pipette and K* in the internal solution) so V_’s were estimated by linear

extrapolation to zero current from the nearby portion of the I/V curve.



Figure 16. Determination of absolute K+ permeability and Na/K biionic
permeability ratios. a) IV curve obtained for SAK channels under
symmetrical K+ (50 mM). Curve represents calculated GHK current
equation based on mean of Pyg’s obtained at each voltage (over the
range indicated by the line) for each of 4 patches. Mean Py was 4.9 x
1018 + 076 x 10® cm s! (sem, n = 4). Average slope conductance
was 86 + 5 pS (ses, n = 4). b) Biionic I/V curves for symmetrical (50
mM) conditions of external (pipette) Na*, internal (perfusion) K+ (Na/K})
and external K*, internal (bath) Na* (K/Na). V_’s were obtained from
the plot of averaged currents at each voltage from several patches. In
some instances, where spontaneous channel activity was too large to
allow I/V curve construction, V., was estimated directly from the
current record, ie. from the pipette holding potential where there was
minimum stretch-activated current.  Py,/Py ratios determined from
Vs (47 mV, Na/K; +60 mV, K/Na) were 0.093 for K/Na (2 patches)
and 0.154 for Na/K (6 patches). Curves are for the modified GHK
current equation (equation 3.8), where current values are calculated
from the external and internal ionic concentrations which have been
multiplied by the Py/Px ratio appropriate for that condition. For
example, the curve for Na/K results from muitiplying the external [K]
by the Py/Px ratio obtained under those conditions. This has the
effect of reducing the concentration term by the fraction of the per-
meability of Na relative to K thus producing a rectification in the GHK
current voltage relation.
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Figure 17. Biionic I/'V curves for symmetrical (50 mM) conditions
where the external test ion was T1*, Rb*, Lit or Cs* while the internal
side of the membrane was perfused with K+*. a) TIK biionic I/V

relation showing a positive V, (+12 mV, n = 2) and a slope conduc-
tance of 43.1 pS + 3.7 pS (ses). b) Rb/K biionic I/V relation showing
a negative V., (-18 mV, n = 3). Slope conductance of outward Kt

current part of the curve was 54 pS + 54 pS (ses), while the inward
Rb portion was 7 pS + 1.1 pS (ses). Line drawn through points was a
3™ order polynomial fit to the data as an aid for interpolation of V..
¢) Li/K I/V relation showing outward rectification of the stretch-

activated K* current. Inward Li* current was never observed and as
such, the estimated V., (-91 mV) is likely underestimated. Due to the
curvature of the I/V relation, slope conductance (315 pS + 25 ses,
n = 4) was estimated from the middle part of the voltage range (440 to
+100 mV). d) Cs/K biionic I/V curve illustrating the discrepancy

between the zero current potential (0 mV) indicating an equivalent per-
meability to K+ and the lack of any inward Cs* current.  Slope
conductance was 503 pS + 2.6 pS (ses, n = 3). Curves on each of
these I/V relations represent the modified GHK current equation
(equation 3.8) with the (K], term adjusted by the appropriate per-
meability ratio (see Fig. 16b).
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P./Px ratios were determined from biionic Vs under two condi-
tions; i.e. K* external and Na* internal (K*'Na*) and vice versa (Na*+/K+)
(Fig. 16b). Both conditions indicated a low Na* permeability relative to K*
(0.093 for K*/Na*, n = 2 and 0.154 for Na*/K*¥, n = 6) in keceping with the
result for the two ions under mixed conditions (see above).

The biionic reversal potential selectivity sequence was Ti* (1.61) > K*
(1) > Rb* (049) > Na* (0.154) > Li* (0027). The TI*/K* I/V curve (Fig.
17a) was approximately linear over the entire voltage range examined in
contrast with the outwardly rectifying I/V relations found for Na*, Rb* and
Li+ (Figs. 16b, 17b and c).

Although a Cs* current was never seen, and outward K¥ current
rectification was observed, the IV relation could be extrapolated to near 0
mV (Fig. 17d). The lack of inward Cs* current and the presence of K*
current rectification demonstrates a low permeation rate for Cs* and
presumably a small Po/Py ratio. This appears to be at odds with the
indicated V,, and may have two alternative explanations. First, errors
associated with extrapolating a non-linear IV relation. Second, a small
Pc/Py should result in a V., shift similar to that of Li* (Fig. 17c).
Since such a shift was not observed, this suggests a discrepancy between
the GHK voltage and current equations. It is worth noting that Cs* did
not block outward K* currents and that the slope conductance (503 pS +
26 pS ses) was actually larger than that found for the "more permeable"
TI+ (43.1 pS + 3.7 pS ses).

The GHK current and voltage equations are based on the independence
assumption, i.e. that permeation of a given species should be unaffected by

addition of other ionms or by an increase in the concentration of the same
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species (Hille, 1984). This assumption can be tested by comparing the
biionic I/V relation with that predicted by a modified form of the GHK
current equation (Blatz and Magleby, 1984)

VF? [K]; - Px/Px(Kl, exp(-zFV/RT)

I = Pgz? (3
RT 1 - exp(~-2FV/RT)

In this expression, the [K], term is a product of the exponential and the
observed permeability ratio (Py/Pg, where X is the test ion), This results
in rectification of I dependent on the difference between the [K];, term and
the "adjusted" [K], term. When equation 3.8 was plotted for each of the
tested cations (Figs. 16b, 17), it was immediately obvious that none of I/V
relations followed the independence assumption; i.e. all showed deviations
from the GHK curve predicted on the basis of permeabilities determined
from V_’s. Deviations primarily took the form of conductance reductions
and included the TYK I/V relation (Fig. 17a), which according to its
P1/Pg, should exhibit a larger conductance compared to relations obtained

under symmetrical K+ conditions.

The channel is blocked by quinidine and TEA, but not Ba*

Determination of SAK channel function will require pharmacological
tools that, when applied externally, inhibit channel operation. Fortunately,
the ubiquitous nature of the SAK channel allows comparison between
different patches for control and drug-exposed effects. Three K* channel
blockers, quinidine, TEA and Ba*, were tested externally in cell-attached
patches. Where partial or zero drug effect was observed, the presence of

normally-functioning SAK channels was confirmed by application of negative

.8)
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pressure to the pipette. The aim was to screen reagents for use under
physiological conditions, rather than to examine the details of blocking
action.

Quinidine produced significant changes, showing a dose-dependent
reduction of conductance and a change in channel kinetics in the form of
increase flicker (Fig. 18a).  Stretch-sensitivity was unaffected (Fig. 18b).
Reduction in the slope conductance (Fig. 19a) was significant for 100 uM
and 1 mM quinidine (p < 0.05) with respect to the control. The degree of
block encountered with 1 mM quinidine was variable, ie. in half of the
patches no SA currents were observable while other patches exhibited block
as typified by Fig. 18a. 10 pM quinidine did not significantly reduce the

slope conductance, but increased flicker was evident (Fig. 18a).
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Figure 18. Block of SAK channels by external quinidine is dose-depen-
dent and does not affect stretch-sensitivity. a) Comparison of single-
channel currents from different cell-attached patches in the presence of
three concentrations of quinidine. Channel flicker was increased at all
quinidine concentrations and at 100 upM and 1 mM channel amplitude
was reduced by ~50% and ~70% respectively. Accurate determinations of
open channel amplitude were complicated by bandwidth attenuation of
short duration open events (especially for 1 m"{ quinidine) and by
imprecise knowledge of the true V., (for assessment of the driving
force between patches). Here the pipette holding potential was -120
mV, resulting in V, = +70 mV (V,, assumed to be -50 mV). b) 1
mM quinidine did not affect SAK channel stretch-sensitivity.  Cell-
attached patch, V;, = 470 mV, filtered at 2 kHz. Scales, 5 pA and 50
ms for a and 2.5 5 for b.
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Figure 19. SAK chamnel block by quinidine is dose-dependent, but
voltage-dependency of block is not consistent with a one-site model.
a) Cell-attached SAK channel I/V relations in the presence of external
quinidine (10 uM, circle; 100 pM, open triangle; 1 mM, square), demons-
trating the reduction of slope conductance relative to control. 100 uM
and 1 mM quinidine significantly reduced slope conductance (22 pS + 1.6
pS and 84 pS + 14 pS, ses, respectively, p < 0.05) relative to control
(27 pS + 04 pS, ses). 10 pM quinidine did not significantly reduce the
slope conductance (234 pS + 2.0 pS, ses), but increased flicker of the
channels was noted (see Fig. 18a). b) Quinidine block is apparently
voltage-dependent for all three quinidine concentrations (all slopes were
significantly different from zero, p < 0.05), but § was not constant with
changing amounts of the drug. & decreased from -046 for 10 uM to
-0.2 for 100 uM to 007 for 1 mM (6§ for 10 gM not significantly
different from § for 100 pM, but different from § for 1 mM, « = 0.05).
Zero voltage dissociation constants, K,(0), (obtained from y-intercepts)
were 13 pM, 78 gM and 700 uM for 10zM, 100 pM and 1 mM quinidine
respectively.
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In these preliminary quinidine experiments, we examined only cell-
attached patches using NS in the pipette and therefore observed only
outward currents. Full examination of voltage-dependent block by quinidine
(which might be expected if block depends on the charged species entering
the channel) would require a range of hyperpolarizing and depolarizing
potentials, and sufficient data for kinetic analysis of the voltage-dependence
of blocking and unblocking rates (see Glavinovic and Trifaro, 1988).
Another approach for detection of voltage dependence is, however, available
that can be applied to the present data; it uses the relation described by
Woodhull, (1973) (also see Coronado and Miller, 1979; Yellen, 1984a). Here,
the fractional decrease in current (relative to control) is related to the
zero voltage dissociation constant (K (0)) and an electrical distance term
(8). & gives the fraction of the electric field which the blocker binding
site actually is exposed to; for an external, positively charged blocking
species it is a negative value (see Appendix 1). This model assumes a
single blocker binding site on one side of the membrane and that the
blocker has negligible permeability (Woodhull, 1973). Both K 0) and § can
be obtained from a plot of the equation describing the single channel

current in the presence of blocker as a function of voltage (Coronado and

Miller, 1979)

I
i= (3.9)
1+ [B]/K;(0)exp(2F§V/RT)

which, rearranged and linearized gives

[B] FéV
In(i/i = 1) = 1n + (3.10)
K,(0) RT
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where i, is the unblocked single-channel current, i the blocked current, [B]
blocker concentration, V the voltage, z the blocker valence and F, R and T
have their usual meanings. A linear regression plot of In(i/i - 1) vs
voltage gives the slope as § and the y-intercept which yields K,(0).

It is apparent that quinidine blockade is voltage dependent since non-
zero values for § were obtained for each of the 3 concentrations examined
(all 3 slopes significantly different from zero, p < 0.05) (Fig 19b). How-
ever, if the blocker binding site within the electric field is accessible only
from the external side of the membrane (a reasonable assumption if the
externally applied blocker is membrane impermeant) then all 3 concentra-
tions should provide the same negative value for §. In fact each con-
centration gives a different & (see Fig. 19b). The lowest concentration (10
pM) yielded the greatest voltage dependency, i.e. the largest §, while the
highest concentration (1 mM) displayed the smallest &, which also was
positive.  Moreover, each decade change in concentration should shift the
y-intercept by a factor of 10 if the K (0) is to remain the same. This is
clearly not the case in Fig. 19b. These results imply a more complicated

blocking scheme than can be accounted for by the model.
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Quinidine, even at the lowest concentration used, induces an increased
flicker of the open channel events which increases as the concentration is
increased (Fig. 18). For a single open state channel undergoing block,
burst length should linearly increase with blocker concentration (Colquhoun
and Hawkes, 1983). With 10 uM quinidine in the pipette, analysis of burst
duration and number of closings per burst (using an empirical method; see
Sigurdson et al, 1987a) revealed an approximately 1.3 fold increase in burst
duration and 4 fold increase in the number of closings per burst compared
to control (Fig. 20). Records from other patches containing SAK channels
could not be analyzed in this way because they contained too many multiple

openings.



Figure 20. Characteristics of SAK channel bursts in the presence of
external 10 uM quinidine (open triangle). Plots of burst duration and
closings per burst against interburst interval for two different patches
at the same pressure (-40 mmHg) and similar P,’s (0.143 for 10 uM and
0.065 for control). In both plots, between interburst intervals of 1.2
and 10 ms (the midpoint of which gives an approximate value for
average burst duration or closings per burst), quinidine increased both
burst duration (from 9 to 12 ms) and closings per burst (from 3 to 11).
Celi-attached patches, V, = +70 mV.
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When TEA was added to the patch pipette there was no significant
change (p < 0.05) in the slope conductance (over a V, range of 0 to 110
mV), even with 10 or 20 mM TEA (Fig. 21, 13). It is evident however, that
in the physiological voltage range (V, = 0 to 30 mV), channel currents are
reduced by approximately 50%. The absence of flicker (Fig. 21, compare
with quinidine, Fig. 18) in the presence of TEA implies a rapid type of
block; i.e. blocking and unblocking events too short to be detected, given
the recording system bandwidth (see Yellen, 1984a). As seen in Fig. 19d,
TEA did not affect SAK channel stretch-sensitivity.  Block by TEA of
Lymnaea neuron SAK channels is apparently similar to that observed in the
Drosophila stretch-activated K* channel, which is also blocked (50% ampli-
tude reduction) by external 10 mM TEA (Zagotta et al., 1988).

TEA block is voltage dependent as demonstrated by nonzero slopes for
plots of In(i/i - 1) vs V, (Fig. 22b) at 10 and 20 mM TEA (slopes sig-
nificantly different from zero, p < 0.05). Slopes of these plots were not
significantly different from each other (p < 0.05), implying that the external
TEA binding site is between -0.24 (§ for 10 mM) and -0.32 (§ for 20 mM)
across the electric field. The zero-voltage dissociation constants were 25
and 16 mM for 10 and 20 mM TEA respectively.

High concentrations of Ba* (50 mM) had no significant effects on SAK

channel conductance when applied externally (see Fig. 19¢).
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Figure 21.  Single-channel currents at three depolarized (physiological)
Va's from cell-attached patches with NS or NS plus 20 mM TEA in the
pipette. Channel amplitude was reduced by ~50% relative to control.
TEA did not induce an increase in channel flicker, indicative of a fast
type of block. V,’s range from +30 to -10 mV. Filtered at 2 kHz.
Scale, 2.5 pS and 50 mS.
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Figure 22. Block of SAK channels by external TEA. a) I/V curve for

control (NS in pipette, circle) and for 10 (triangle, n = 2) and 20 mM
(diamond, n = 3) TEA plus NS in pipette. Although slope conductances
(determined by linear regression) were not significantly different (27 pS

+ 0.7 pS ses, n = 7 and 27 pS + 124 pS ses, n = 5 [TEA data com-
bined], p < .01) it was clear in the range of physiological, depolarized
voltages (-10 mV to 30 mV) that channel amplitude was decreased ~50%
by TEA. b) Voltage dependency of TEA block. Slopes (8) of linear
regression fits to plots of In(ifi - 1) vs V,, were -024 and -032 for

10 and 20 mM TEA respectively. These slopes were not significantly

different from each other but were different from zero (@ = 0.05).
Zero voltage dissociation constants (K«(0)), derived from y-intercepts,

for the two concentrations were 25 mM and 16 mM respectively.
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Discussion

Potassium ion channels are both the most commonplace and diverse of
all ion channel types, being expressed in virtually all cells, with each cell
often containing several K+ channel species (see Yellen, 1987).  Stretch-
activated K* selective channels constitute a K* channel subtype whose
gating is regulated by membrane tension rather than by chemical ligands or
voltage.

The Lymnaea heart SAK channel has essentially the same single-
channel conductance as the neuron SAK channel (about 30 pS with physio-
logical saline present; see Fig. 14) and the shifts in V., as external K+ is
increased are also similar, although the estimated Py, /Py ratio was
marginally smaller (0.063 vs 0.083 for neurons) for the heart  channel
(Brezden et al., 1986). In different preparations containing SA K* channels
(Sackin and Palmer, 1987; Bedard et al., 1988; Medina and Bregestovski,
1988; Zagotta et al, 1988), cell-attached conductance measurements range
from 38 pS to 90 pS and will be dependent not only on channel properties,
but also on the various ionic conditions used in the different studies.
Selectivity of K over Na in mixed ionic conditions (12:1) was identical to
that found by Sackin and Palmer (1987) in the renal K* channels which
have subsequently been shown to be stretch-activated (Sackin, 1987; Sackin,
1989). The glial cell channel(s) appears to have a much larger conductance
of ~200 pS (C. Bowman per. comm.).

Shifts in V., in response to changing K* gradients are good in-
dicators of channel K* selectivity; the cell-attached and excised mixed ion
experiments confirm this selectivity over Na*. The 12 fold greater per-

meability of K* over Na* under mixed ionic conditions indicates that upon
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stimulation the channel will act to hyperpolarize the cell provided V. is
not at Ey (this appears to be the case since V., = -50 mV and estimated
Ey is ~-85 mV). Whether these channels would produce membrane potential
changes will depend on the channel’s conductance, channel number and
driving force for K+. Brezden et al, (1986) determined that for a typical
heart cell, a channel open probability of 0.5 would result in a turnover of
about 1% of the internal K+ in one second. Isolated neuron somatas tend
to be quite spherical (see Sigurdson and Morris, 1989) permitting a good
estimate of volume. By using an estimated channel density of 1 um? (see
Chapter 5), a typical cell diameter of 50 um (giving about 7800 channels per
cell assuming no membrane infolding), intracellular [K] equal to 50 mM
(Sattelle, 1974), a channel P, of 0.5 and a driving force sufficient to
produce 0.5 pA per channel (17 mV), a similar estimate of total K+ efflux is
obtained (0.6% s1). Because of surface to volume ratio scaling, the effect
of SAK channels on membrane potential in small structures, such as growth
cones (see Chapter 5 and Sigurdson and Morris, 1989), may be accentuated.
Choosing a half cylinder, 10 um in diameter and length (see Appendix 2) as
a model of growth cone shape, and using the same parameters for calcula-
ting somata K* efflux, in one second the growth cone could loose 4% of its
K+ (assuming constant K* driving force). These rough estimates of K+ flux
imply that SAK channel activation can have large effects on membrane
potendal, especially in those structures with large surface to volume ratios,
provided the membrane potential is not at Ey. Under conditions of low
extracellular [K*] and continuous membrane tension (which might be
expected during hyposmotic shock), channel activation could produce

significant dumping of intracellular K*.
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The SAK channel possesses a large absolute permeability comparable to
Ca?*-activated K+ channels. When Pg’s of Ca?t-activated K* channels from
a number of different preparations are calculated from conductances in
symmetrical K*, the average Py was 44 x 102 + 103 x 10 cm sec!
(see Table 4), close to the SAK Py of 4.9 x 103 c¢m secl. This contrasts
with the SA K* channel found in fish embryos, whose Py was about a third
this value (Medina and Bregestovski, 1988). The Aplysia S channel Py also
has Py about one third that of the SAK channels, but shares with the SAK
channel and other molluscan Ca?*-activated K* currents a similar sensitivity
to external TEA and lack of sensitivity to Bat (Adams et al, 1980; Shuster
and Siegelbaum, 1987). The SAK channel appears to have an optimized per-

meability, perhaps to balance the relatively low channel density.



Table 4. Absolute K* permeabilities of K+ channels in different preparations.

Channel Pyg* Cond. [K] Ref.
pS mM

Ca?*-activated n*
4.5 200 126 Benham et al., 19860
5.23 300 150 Eisenman et al,, 1986
3.37 193 150 Gardner, 1986
6.02 230 100 Cecchi et al,, 1986
433 240 145 Gallin, 1984
5.45 300 144 Barrett et al., 1982

3.75 208 145 Wong et al., 1982

6.02 230 100 Latorre et al,, 1982

3.36 180 140 Marty, 1981

35 187 140 Pallotta et al., 1981

4.19 240 150 Methfessel and Boheim, 1983

Mean Py 4.5 + 1.02

SREK*+ 34 130 100 Coronado et al,, 1980
393 150 100 Labarca and Miller, 1981

Lymnaea neuron
SAK 4.9 91 50

Cepaea neuron
SAK 3.4 Bedard per. comm.

Aplysia S 145 200 360  Shuster and Siegelbaum, 1987

Fish embryo
SAK*® 133 71 140  Medina and Bregestovski, 1988

a Calculated (except for Benham gt al., 1986) by taking an arbitrary driving
voltage (10 mV, near zero mV so as to avoid any non-linearities in I/V
curves) and multiplying by the conductance to give I. This is substituted
i:to equation 3.6 along with [K] and the voltage to obtain Py which is
given as x 10-* cm 57!

® value reported in publication

¢ Sarcoplasmic reticulum channel

102
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The high conductance of SAK channels leads to questions concerning
permeation mechanisms. These mechanisms may be analogous to those
proposed for high conductance Ca?*-activated K+ channels, which achieve
high selectivity concurrently with high rates of K+ permeation. The SAK
channel selectivity sequence is similar to other K* channels (Latorre and
Miller, 1983; Hille, 1984) with TI > K > Rb >> Na > Li; the Py /P, and
P /Py ratios may be actually underestimated due to the problems of
obtaining reliable zero current potentials. It is evident, however, that Na
does have a small permeability (small Na* currents were observed under
biionic conditions (Fig. 16b), whereas Li* currents were never seen), larger
than Li, that gives a sequence similar to Ca?*-activated K* channels and
different from that found in the snail neuron delayed rectifier which has Li
> Na (Reuter and Stevens, 1980). Recently, Neyton and Miller (1988) have
shown that a high conductance Ca?*-activated K* channel can contain as
many as 4 K* ions at one time, dramatically re-emphasizing the multi-ion
nature of what was originally thought to be a single-ion channel (see
Latorre and Miller, 1983; Yellen, 1984b; Eisenman et al., 1986). Although
we have shown only that SAK current/voltage relations depart from
independence, it has become clear that very few (only the skeletal muscle
sarcoplasmic reticulum K* channel) K* channels are really single-ion
channels (Miller et al., 1988; see Hill et al, 1989 for a multi-ion SR
channel from cardiac sarcoplasmic reticulum). We can, therefore, expect
complex permeation and blocking properties of SAK channels that will
require further studies to be fully understood. The SAK channel manifests
complexity typical of multi-ion channels in the departure from linearity at

large depolarizations (seen in the symmetrical K+ I/V curve, Fig. 16), and in
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the reduction in conductance (compared to symmetrical K*) seen in the
presence of mixtures of K+ and Na* (Fig. 15). More complex still is the
discrepancy between the effect of Cs* on V, (suggesting that it is as
permeable as K*) and the total lack of any Cs* current. As suggested by
Yellen (1984a), I/V curve sublinearities may be due to voltage-dependent
block or diffusion-limited ion flow. It is perhaps dangerous to extrapolate
Cs permeation properties of a single-ion channel (sarcoplasmic reticulum
channel) to what is likely to be a multi-ion channel, but nonetheless, the
SR channe! also demonstrates a near unity permeability ratio but little
conductance (Coronado and Miller, 1979). Cukierman et al. (1985) attribute
this property to a deeper energy well in the permeation energy barrier
profile for Cs than for K, causing Cs to bind to this site for a greater
length of time.

Brezden et al. (1986) had previously shown that of three common K*
channel blockers, only quinidine was effective on snail heart SAK channels
and at 1 mM could completely eliminate SAK channel current in 75% of the
patches and in the others reduce conductance by up to 90%. The block of
neuron SAK channels by quinidine (in the same concentration range) implies
that the two channels are very similar with respect to both their pharma-
cological sensitivity and permeation characteristics. It may be necessary
however, to re-examine the TEA sensitivity of the heart SAK channel over
a range of voltages to determine if at high concentrations TEA will produce
a reduction in single-channel current comparable to that seen in the neuron
SAK channels.

Although blockade by quinidine may have a voltage-dependent com-

ponent, the variation of § and K (0) with concentration is not consistent
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with the model on which the analysis was based (equation 3.9). This
inconsistency may be related to the variation of block by 1 mM. Although
this may be due to dilution of the pipette solution before seal formation
(this seems unlikely, since positive pressure was applied up until the cell
was touched), perhaps the membrane permeant nature of quinidine (Hermann
and Gorman, 1984; Iwatsuki and Petersen, 1985) permits the drug to block
from either side and/or from within the membrane. At pH 7.6 9% of the
drug is neutral (Hermann and Gorman, 1984), a fraction that at higher
concentrations such as 1 mM, may be large enough to have effects from
within the membrane on sensitive hydrophobic sites in the channel protein.
Therefore, quinidine is probably unsuitable for probing the SAK channel
permeation pathway.

The increase in burst length caused by 10 uM quinidine is predicted
for a single open state channel (Colquhoun and Hawkes, 1983). Quinidine
apparently produces the type of block described as intermediate between
slow and fast (Hille, 1984). The increased flicker (larger number of
closings per burst) are hallmarks of blocking events having durations
sufficient to be captured by the recording system. In contrast, externally
applied TEA produced a fast type of block in SAK channels, comparable to
the effects of TEA on Ca?*-activated K+ channels when the drug is applied
to the internal side of the membrane (Yellen, 1984a; Villarroel et al., 1988).

Although SAK channels display a voltage-dependent TEA block with an
electrical distance comparable to Ca?*-activated K* channels, (Wong et al,,
1982; Latorre and Miller, 1983; Blatz and Magleby, 1984; Yellen, 1984a;
Villarroel et al, 1988) they differ from these channels in their sensitivity

to external TEA (Ca%*-activated K* channels typically have an external TEA
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K, < 1 mM). SAK channels possess sensitivity more in line with that
described for the Aplysia S channel (K; = 90 mM; Shuster and Siegelbaum,
1987).  Effects of TEA on the internal side of the SAK channel remain to
be examined. For the moment, TEA blocking characteristics appear to be
intermediate between the S channel and Ca?*-activated K* channels. TEA
holds promise as a probe of the SAK channel permeation pathway, but
would have to be used at concentrations that make it unsuitable for
physiological studies of SAK channel function.

Are SAK channels fundamentally different from ligand and voltage-
dependent K* channels or are they simply modifications of some basic K*
channel motifs? SAK channels present few surprises regarding their
permeation characteristics. The channels under physiological conditions will
pass K+ exclusive of all other available ion species. Input resistances of
Lymnaea neuron cell bodies tend to be high (Byerly and Hagiwara, 1982; see
Chapter 4), insinuating that even at low levels of activation, their large
absolute permeability could significantly modify the whole cell conductance.
This suggests that the channels have functions which specifically utilize the
channels’s mechanosensitivity,. =~ A possible role in osmoregulation will be

examined in the following chapter.
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Chapter 4. SAK channels and volume regulation during hyposmotic shock
Introduction

The presence of mechano-sensitive ion channels in cell types not
involved in mechano-reception (see Sachs, 1984; Kullberg, 1987) leads to the
obvious question - what physiological role, if any, ar¢ the channels playing?
More specifically, what role does the SAK channel play in the physiology of
a freshwater snail’s heart cell or ganglionic neuron?

As suggested by Brezden et al. (1986), SAK channels could act in
volume regulation, simply being conduits for the rapid exchange of os-
molytes (in this case K*) out of or into the cell. Under hypo-osmotic
conditions, an increase in cell volume due to influx of water would exert
tension on the cell membrane and associated cytoskeletal components, The
tension transmitted to the SAK channel increases the channel’s open
probability. = Potassium leaves the cell, moving down its electrochemical
gradient (assuming a simple dilution of the extracellular medium, i.e.
external [K*] is reduced thereby changing Eg), carrying with it osmotically
obliged water. Activation of SAK channels would thus limit the degree of
swelling, during acute hypo-osmotic stress.  This mechanism assumes an
associated Cl- pathway, which may or may not be mechano-sensitive, in
order to maintain electroneutrality.

Until recently, there has been little direct evidence for this type of
mechanism in the literature although several authors have suggested that
membrane conformational changes resulting in increased K* permeability
would be considered a reasonable explanation for K+ efflux observed during
hypo-osmotic shock (HOS) (Hoffmann, 1976; Pichon and Treherne, 1976;
Rorive and Gilles, 1979; Kevers et al, 1981). Hamill (1983) suggested this
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as a possible function for a K* channel whose gating is sensitive to hypo-
tonically induced swelling of frog red blood cells.

Evidence is now mounting that SA channels could play a role in cell-
volume regulation being employed either directly, as proposed for the
Lymnaea heart SAK channel (Brezden et al, 1986), or indirectly by passing
a second messenger (Ca?*) which activates other K* conductances. SAK
channels found in Necturus kidney proximal tubule cells (Sackin and Palmer,
1987: Sackin, 1987), have been shown to be activated during cell swelling
induced by HOS (Sackin, 1989). Ubl et al. (1988a) have also demonstrated
activation of a non-selective SA channel found in opossum kidney cells
during HOS.  SACat channels, capable of passing Ca?*, were activated
during HOS concomitantly with Ca?*-activated K* channels in Necturus
choroid plexus cells. Christensen (1987) concluded that SACat activation
could pass sufficient Ca?* to activate Ca’**-dependent K* conductances
which would take part in volume regulatory decrease (RVD). In neuro-
blastoma, SACat channels were activated during HOS and as expected had
reduced activity during the volume reduction phase of RVD (Falke and
Misler, 1989). In all these examples, the lack of a suitable SA channel
blocker (for either SAK or SACat channels) has frustrated attempts to
obtain clear-cut answers concerning the involvement of these channels in
osmoregulation.  However, the transition element gadolinium, has recently
been reported as a specific SACat channel blocker (Yang and Sachs, 1989).
This cation holds promise as an investigative tool in cell types where SACat
channels are suspected to be involved in volume regulation.

As a prelude to more detailed studies, several lines of investigation

concerning Lymnaea SAK channels (heart and neuron) were attempted. The
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questions addressed are simple ones, but should provide additional cir-
cumstantial evidence for a function of SAK channels in volume regulation.
Are the cells simple osmometers or is swelling somewhat limited in hypos-
motic media? Morris et al. (1989) have shown that Lymnaea heart, neuron
and kidney cells exhibit limitation of cell swelling when under large (30%
dilution) hyposmotic stress.  Quinidine (a known SAK channel blocker)
exacerbates swelling, making the cells more like osmometers.  Although
none of these cells exhibited RVD, the results were consistent with the idea
that SAK channels could act to limit cell swelling. When stressed with a
HOS, are the cells capable of recovery and resumption of normal physiologi-
cal processes, i.e. has volume limitation been successful in preserving the
cell machinery in a functional state? During HOS, K* efflux is expected
which should be detectable as an hyperpolarization of V. Is SAK channel

activity correlated with cell swelling and volume reduction during and after

HOS?

Materials and Methods

Lymnaea collection and housing, as well as cell culture of heart and
neurons, were performed as described in Brezden et al. (1986), Sigurdson et
al. (1987a), Sigurdson and Morris (1989) and in chapter 3.

Single-channel recordings employed standard techniques (Hamill et al.,
1981) and used recording pipettes of similar characteristics as described in
Sigurdson and Morris (1989) and chapter 3. Intracellular voltage recordings
were made using micropipettes filled with 2 or 3 M potassium acetate and
having an average resistance of 39 Mn + 7 Mna. Voltages were recorded

using a WPI electrometer and Gould chart recorder.  Input resistance
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measurements were made by injecting positive or negative current with the
same electrode used for V_ recording (for each electrode, the electro-
meter’s bridge circuit was balanced to compensate for electrode resistance).
Ideally, specific input resistances should be calculated from the voltage
change induced by a known amount of injected current and the cell
membrane area.  Specific input resistances were not obtained for three
reasons: 1) potential errors in measurement of cell diameter and hence
membrane area (a 10% error in diameter measurement will result in a 17%
area error, assuming a spherical neuron soma); 2) the unknown area of
membrane in the form of pseudopods and neurites (which is quite variable
between neurons); and, 3) any increase in cell diameter due to swelling will
potentially expose an unknown amount of "new" membrane (formally residing
in folds) that will contribute to the swelled cell diameter, but not to the
normal diameter. Input resistances, which tended to be high (ranging from
75 to 475 kn), were compared for individual cells during pre-HOS, HOS and
post-HOS. .

Celis were exposed to HOS by dilutions (vol/vol) of normal saline (NS).
Because diluted solutions have lower densities than 100% NS, care was taken
to completely replace each solution by adding 2 to 3 times the culture dish
volume and by thorough mixing. In experiments where intracellular or
single-channels recordings were made, individual cells were exposed to the
HOS shock by using a large-bore (> 50 um) perfusion pipette (aimed at the
cell of interest) containing the hyposmotic saline.  This approach is
required to prevent mechanical disruption of the recording preparation by
large volumes of replacement saline and has the added benefit of producing

saline changes much more rapidly. Perfusion flow-rates were adjusted by
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visually monitoring cell-swelling, but the exact dilution was not known due
to mixing with the bath saline. This meant that quantitative changes in
cell volume for a given dilution could not be obtained.

Analysis of open probability (P,) changes during HOS are described in
Sigurdson et al, (1987a) and Sigurdson and Morris (1989).

Photographic records of cells were made using phase contrast or
differential interference contrast optics (DIC) (Olympus inverted micro-

scope).

Results

Preliminary experiments using Lymnaea heart cells, demonstrated
qualitative changes in cell volume as a function of the degree of HOS.
Cell-swelling was also shown to increase when the cells were exposed to
quinidine concentrations known to be sufficient to block SAK channels (see
Brezden et al, 1986). These results were used as the basis for more
detailed studies {on neurons and kidney cells as well) which attempted to
measure cell volume as a function of HOS and exposure time (see Morris et
al, 1989). The different cell-types described in this study did not respond
equally to similar HOS, i.e. the relative volume changes for a given dilution
were not the same for heart, neuron and kidney cells. It is mot known
whether this is an intrinsic property of each cell type or due to the
difficulty of determining accurate cell volumes (heart cells were approxi-
mated as cylinders, neurons and kidney cells as spheres). For all cell-types

quinidine (1 mM) resulted in greater cell-swelling for a given HOS.

Neuron swelling and recovery after HOS
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Kidney cells were shown to almost completely recover their pre-HOS
cell volumes after ~20 minutes (Morris et al, 1989). Heart cells wiil also
recover from severe HOS (30% dilution) and appear morphologically "normal”
afterwards (not shown). During similar dilutions, Lymngea neurons (which
had formed pseudopods and neurite process, Fig. 23a), showed initially little
swelling (4 min in 30% NS, Fig. 23b), but after 1 hr had increased their
volume dramatically (Fig. 23c). The swelling appears primarily confined to
the cell peripheries, but there is also an increase in soma diameter.
Recovery began soon after removal of the HOS and was always accompanied
by the formation of vesicles in pseudopods and neurites (Fig. 23d). As the
recovery proceeded, the number of vesicles increased (Fig. 23e) often
entirely filling these regions (Fig. 23f). Although best seen in the peri-
pheral regions, vesicles were also observed in the cell body proper. Celi-
volume recovery appeared complete after 1 to 2 hr (compare Fig. 23a to
If), but the wvesicles usually took longer to disappear. By the next day
(Fig. 23g), the same cell appeared morphologically normal and had begun to

extend neurite processes.



Figure 23. Cultured Lymnaea neurons exposed to severe HOS (30% NS),
first swell and then volume regulate after HOS. a) Two Lymnaea
neurons after 4 days in culture in 100% NS. Both cells have projected
pseudopods and neurites around the cell body periphery. b) 4 minutes
after exposure to 30% NS. During solution exchange, the cell on the
right in (a) was washed away. Swelling appears to be confined to the
peripheral membrane regions. ¢) After 1 hr in 30% NS the neuron has
swelled dramatically, almost to the point of lysis. d) 8 min after
replacement of bath saline with 100% NS. Volume regulation typicaily
proceeded as shown in the next 4 plates. The first evidence of volume
reduction was the appearance of vacuoles or vesicles  within the
cytoplasm (especially apparent in pseudopods).  Such vacuoles were
generally present within the soma cytoplasm, but were difficult to see.
¢) By 21 min post-HOS, vacuoles had proliferated and expanded in
size. Formally swollen regions had begun to volume reduce. f) 55 min
post-HOS. High magnification view of neuron showing vacuoles comp-
letely filling certain areas of the peripheral membrane regions. Vacuole
morphology was dynamic; compare vacuole sizes, locations and numbers
in d, e and [ (focal planes throughout this series remained the same).
g) By the next day (18 hr post-HOS), the cell appeared to have
completely recovered; there was no evidence of any remaining vacuoles
or residual swelling. There was evidence of new membrane extension
(compare neurite extensions at right side of soma with those shown in
a) and remodelling. DIC optics. Scale bar for plates a, b, ¢, d, e and
g equals 54 pm; for plate f, 24 um.
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Neurons and heart cells assume normal morphologies after severe HOS

The observation that isolated neurons could recover from a large HOS
and continue to grow (extend neurite processes) implied that the cells were
still physiologically competent and had not sustained permanent damage.
This notion was examined further by hyposmotically stressing heart cells
and neurons when they likely to be most vulnerable; ie., immediately after
the enzymatic treatments used to dissociate the cells. Immediately after
enzymatic treatment, both cell-types were exposed to HOS (60% and 309%
NS) for 30 min, followed by plating out or in the case of neurons, a 30 min
recovery period in 100% NS (this step was added for the neurons to prevent
cell destruction during mechanical dissociation of the ganglia).  Control
batches of cells prepared from the same animals followed a paraliel

treatment, except for the HOS.
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Figure 24. Cultured Lymnaea ventricular cells can recover from HOS
received during the isolation procedure. a) Control (treated with 100%
NS) heart cells 1 day after isolation. Once attached to the substrate,
these cells do not change their morphology even after 3 to 4 days in
culture. b) Heart cells (2 days post-isolation) which had been exposed
to 60% NS HOS for 30 min immediately after enzymatic digestion and
isolation.  Following HOS, cells were gently centrifuged and resuspend-
ed with 100% NS before plating out. Cells have assumed a morphology
similar to control cells. ¢) Heart cells (2 days post-isolation) which
had been exposed to 30% NS HOS for 30 min following enzymatic
treatment. Cells appear to be indistinguishable from control cells in a.
DIC optics. Scale bar equals 54 um.
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Lymnaea heart cells treated with 60% and 30% NS after enzymatic
treatment (0.25% trypsin for 0.5 br followed by 0.1% collagenase for 2 hr.;
see Brezden gt al, 1986) were morphologically indistinguishable from the
control cells two days after isolation (Fig. 24a, b, ¢). Cell yield was not
dramatically different between controls and HOS stressed cells, although the
number of 30% NS stressed cells appeared to be slightly less. Reproducible
quantification of cell number was hindered by its dependence on the number
of attached cells, which is in turn dependent on substrate adhesion. Since
there was variation in the number of attached cells between control culture
dishes, determining cell yield differences was difficult.

Heart cells in culture for 3 or 4 days do not display any dramatic
morphological changes (compare Fig. 1 Brezden et al, 1986 with Fig. 24)
which might give clues to changes in their physiological status. Lymnaea
neurons on the other hand (as shown by Sigurdson and Morris, 1989), can
display extensive neurite development after 2 to 4 days in culture (initially
only cell bodies and short axon stumps are isolated) thus allowing com-
parison with control cells. The degree of neurite arborization can only be
subjectively analyzed, so comparisons with controls was made using "typical®
cells. In Fig. 25, the development of neurite processes is followed from 1
to 4 days after isolation for cells treated with 1009 NS and 30% NS. For
both control cells (Fig. 25a, b, ¢) and 30% NS treated cells (Fig. 25d, e, f)
neurites tipped with growth cones (see Fig. 25b and f) developed to ap-
proximately the same extent in both cases. Cells treated with 60% NS

during the isolation procedure had a similar morphology.
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Figure 25. Lymnaea neurons can recover from a HOS during isclation
and then later produce morphological characteristics similar to those of
control cells. Plates a, b and ¢ show the progression of neurite out-
growth over 4 days in cells treated with 1009 NS during isolation. The
degree of neurite outgrowth is extremely variable in these cells; these
plates show a "typical' amount of cell development for a given length
of time in culture. a) A neuron 1 day after isolation displaying 3
extending neurites tipped with growth cones. b) A different neuron 3
days after isolation. «¢) Another control neuron 4 days after isolation
displaying extensive neurite development. Plates d, e and f show the
progression over 4 days of neurons which had been exposed to 30% NS
for 30 min after the enzymatic treatment used during the isolation
procedure. These cells were allowed a 30 min recovery period in 100%
NS before mechanical dissociation and plating out. d) A Lymnaea
neuron 1 day in culture displaying neurite extension comparable to that
of the control neuron in a. €) Another 30% NS treated cell 3 days
post-isolation showing extensive membrane spreading. f) By 4 days
post-isolation many ‘of the HOS cells had produced neurite development
similar to this cell. Phase contrast optics. Scale bar equals 54 um.
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Lymnaea neurons hyperpolarize during HOS

The efflux of K* observed during HOS in various cell-types should
result in changes in the resting potential (V) of the cell, specifically a
hyperpolarization (assuming that K+ forms the basis of V). Pichon and
Treherne (1976) have reported hyperpolarizations of membrane potential
(Vi) in marine invertebrates subjected to HOS. A similar response was
expected in Lymnaea neurons, if K+ conductances (including SAK channels)
were being activated by cell-swelling,

This possibility was examined by intracellular voltage recording of
neuron cell bodies before and during exposure to a HOS supplied by a
nearby perfusion pipette. The possibility of “artifactual' voltage change by
the perfusion stream was checked by using 100% NS in the perfusion
pipette. In fact, perfusion did produce a consistent 4 mV + 1 mV (std, n =
16) hyperpolarization (Fig. 26a) which may be due to activation of SAK
channels by the perfusion stream. When 50% NS was perfused onto the cell
(at a rate sufficient to cause swelling), V. hyperpolarized by 14 mV + 4
mV (std, n = 13, Fig. 26b) which was significantly different from the
control perfusion (t test, @ = 0.005). Correcting for the stream induced
hyperpolarization, HOS resulted in an average 10 mV hyperpolarization of
V... The hyperpolarization during HOS was sufficient in one cell to cause

cessation of spontaneous action potentials (Fig. 26b)).
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Figure 26. HOS causes hyperpolarization in isolated Lymnaea neurons.
Microelectrode recordings of membrane potentials recorded during
exposure to 100% NS or 50% NS. For each voltage trace there is a
current injection trace immediately above. Perfusion periods are
indicated by a line above each voltage trace. At the upper part of
each voltage trace is voltage that can be used as reference. For
example, -3 mV in a, is represented by the top horizontal line of the
trace. a) Perfusion of neurons with 100% NS produced a small, but
reproducible hyperpolarization as shown by 3 consecutive perfusion
episodes. Injection of -0.5 nA current produced ~40 mV hyperpolariza-
tions before and during perfusion (see last perfusion episode). b)
Three cells showing that when neurors were exposed to 50% NS
(causing cells to swell), V_ recordings showed larger hyperpolarizations
than observed during control perfusions (these cells were not exposed
to 100% NS before HOS) bi) In this cell spontaneous action potential
firing was interrupted during HOS, presumably because of the 10 mV
hyperpolarization.  bii) In another, non-spiking cell, perfusion of 50%
NS resulted in a 10 mV hyperpolarization. Input resistance measure-
ments, during this and other perfusion episodes on this cells, indicated
that on average, input resistance decreased during exposure to HOS
compared to pre-HOS periods. During this episode, average input
resistances before HOS and during HOS were 370 Mn + 24 Mo (std, n =
8) and 338 Ma + 125 Ma (std, n = 9) respectively. biii) In yet
another cell, HOS exposure resulted in 10 mV hyperpolarization. Input
resistances were larger before HOS (300 Ma + 7 Mq, std, n = 5) than
during HOS (262 Ma + 11 Mq, std, n = 20). Immediately following HOS,
input resistance decreased for ~50 s, before stabilizing to about 270 Ma.
The mechanism for this increased conductance is not known, but was
observed in about half the cells examined, Vertical scale; a, 1 nA and
20 mV; bi and biii, 0.4 nA and 50 mV; biii, 0.4 nA and 20 mV. Time
scale equals 25 s.
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Increases in membrane conductance caused by the opening of SAK
channels should be reflected in reductions of input resistance. The change,
i.e. increase or decrease, in input resistance during HOS depended on
whether the measurement was made before or after the HOS. Of 8 cells
tested, 4 cells showed a decrease in membrane resistance after HOS; the
rest were either the same (1 cell) or lower (3 cells). In all 4 cells, where
measurements were made before HOS, the input resistance decreased by an

average 27% (range of 10% to 63%) during HOS.

SAK channels can be activated during HOS associated cell-swelling

If SAK channels function to monitor membrane tension, then any
change in tension should influence channel activity, whether due to cell-
swelling during a HOS or during some other mechanical event. Directly
monitoring SAK channel P, during periods of increased membrane tension
should provide a simple and unequivocal measure of the channel’s ability to
sense tension changes.

Single-channel recordings of 17 cell-attached patches revealed that in
35% (6) of these patches, SAK channel P, increased during periods of HOS
whick were correlated with cell-swelling. In some patches (Fig. 27) P,
reproducibly increased and decreased as the cells first swelled (during HOS)
and then volume regulated (after HOS), but in other patches P, increase
was irreversible or occurred after the HOS was removed (while the cell was
stili swollen). In one patch (where this was examined), SAK channel
reversal potential (-50 mV, NS in pipette), was the same before and after
HOS indicating that the neuronal membrane physiology was not adversely

affected, i.e. during volume-equilibration cell resting potential had been re-
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established.  For all patches, SAK channel presence was confirmed by

application of pipette suction.

bDi ion

The control of cell volume is divided into two processes, volume
maintenance and volume regulation in anisosmotic media (Gilles, 1983). Vol-
ume maintenance under isosmotic conditions is necessary due to the
presence of large impermeable anions within the cell and because membrane
permeabilities to inorganic ions are much less than to water. ‘The cell
membrane may be regarded as approximately semipermeable such that the
Gibbs-Donnan equilibrium theory predicts influx of water leading to high
internal hydrostatic pressure (Hoffmann, 1976; Gilles, 1983). Cells shouid,
therefore, act like perfect osmometers when exposed to changes in osmo-
larity. The fact that cells are not like osmometers, unless metabolically
inhibited, implies an energy requiring component in volume maintenance
(Rorive and Gilles, 1979).

Volume regulation under anisosmotic conditions is required to protect
cells from exposures to external media which would induce severe swelling
leading to lysis or cell-shrinking. Regulation must involve changes in the
quantities of osmolytes, either by efflux or influx of inorganic ions or
concentration changes in organic osmotic effectors such as amino acids. In
vertebrates, inorganic ions appear to be the primary osmotic effectors
(Rorive and Gilles, 1979), whereas in invertebrates both inorganic ions and

amino acids are important (Gilles, 1979; Treherne, 1980).



Figure 27. Activation of SAK channels during HOS. A continuous
record of index P, (a measure of channel open probability not cor-
rected for the number of channels in the patch) plotted against
approximately equal time intervals. Before the start of perfusion with
50% NS (squares), P, is near zero, but begins to increase when
exposure to the hyposmotic saline begins (a, circles). During the first
HOS episode (circles)) maximum P, is maintained even after the
perfusion stream is stopped (b), but eventually decreases to pre-HOS
levels. When the second HOS episode begins (c, triangles), P, increases
rapidly to a maximum that is correlated with the cessation of perfusion
(d) and then rapidly falls to a level of activity slightly above that of
pre-HOS levels.
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Cultured Lymnaea heart cells and neurons seem fully functional in the
sense of volume maintenance; the cells survive in culture for several days
without apparent ill effect. ~ Neurons, in fact develop extensive mor-
phological modifications indicative of healthy cells (Sigurdson and Morris,
1989). As shown in Morris et al, (1989), both cell-types can control cell
volume under hyposmotic conditions by limiting swelling to amounts less
than predicted for perfect osmometers.  The ability of these cells to
withstand short term media dilutions of 709 and then visibly continue
normal physiological function (seen in neurons as neurite extension), is
clear indication that acute volume limiting mechanisms are present.

K+ efflux during HOS is a common mechanism of controlling cell
volume, being found in cells known to have high internal [K*}], such as
eurhyaline crustaceans, annelids and molluscs (Kevers et al, 1979, 1981;
Treherne, 1980), human lymphocytes (Grinstein et al, 1982; Sarkadi et al.,
1984), frog urinary bladder epithelium (Davis and Finn, 1985; Foskett and
Spring, 1985), Amphiuma red blood cells (Cala, 1980; 1985) and Ehrlich
ascites tumor cells (Hendil and Hoffmann, 1974; Hoffmann, 1985). Although
Lymnaea cells did not display RVD (RVD is observed in the above prepara-
tions) when under HOS, the resting potentials of heart and neurons appear
to be K* based (Sattelle, 1974; Brezden and Gardner, 1983) indicating a high
internal [K*]. Efflux of K* under HOS is therefore expected. By loading
Lymnaea heart cells with ®Rb and following tracer efflux, Morris et al
(unpublished results) have been able to show that K+ efflux is likely
occurring during HOS (recall that SAK channels, as other K* channels, are

permeable to Rb*).
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Net K* efflux through ion channels is a dissipative process requiring
an outwardly directed electrochemical gradient (Kregenow, 1981). If
Lymnaea neurons have V., near Eg, net K* efflux will be negligeable
under isosmotic conditions. Dilution of the external medium will lower
external [K*], shifting Ex to more negative values and causing net K+
efflux and V, hyperpolarization (assuming all other non-K* membrane
conductances remain constant). This is what Pichon and Treherne (1976)
found in the axons of the spider crab which became hyperpolarized under
hyposmotic conditions. =~ The question then arises, is the resting K* per-
meability of Lymnaea neurons sufficiently large to allow enough K* efflux
during HOS to prevent lysis, or are other normally quiescent conductances
required? Given the large K+ permeability of SAK channels (see Chapter
3), activation of large numbers of these channels could dramatically increase
membrane conductance. I believe this is evident in the ability of an
isosmotic perfusion stream to cause a small, but .reproducible hyperpolariza-
tion in the neurons. In this case, SAK channels could be activated by the
mechanical effects of the stream flowing across the membrane. It follows
thin, that the increased hyperpolarization observed during HOS, is the
result of activation of more SAK channels since membrane tension increases
with cell-swelling,

Input resistance measurements should reflect this increase in membrane
conductance and although specific membrane resistance measurements were
not obtained, it is instructive to calculate the changes in resistance which
SAK channels could contribute. Input resistance measurements indicate that
these cells have very large specific input resistances; for a typical 50 pm

diameter cell specific membrane resistance was 157 ka-cm? (assuming a
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spherical cell and a measured input resistance of 200 MQ). This corresponds
to a conductance of 64 pS c¢cm?2 SAK channel densities are on the order
of 1 - 2 pum? (Sigurdson et al, 1987a) or about 100 million channels per
cm?  Activation of only 1% of the channels (or all channels having P, =
0.1), each having a 30 pS conductance, would increase the resting conduc-
tance of the membrane by 50%. It is quite possible that the measured input
resistances are in error due inaccuracies in the amount of injected current;
ie. the current injection circuit in the electrometer was malfunctioning.
Even if the resistance measurements are off by a factor of 10, SAK
channels having a P, = 0.1 would contribute 5% to the resting conductance;
a more realistic value for SAK channel P, during HOS is perhaps 0.5, giving
a 25% contribution.

It would seem initially, that an obvious way to resolve whether SAK
channels are activated during HOS, would be to make single-channel
recordings during periods of cell-swelling. Unfortunately, this approach will
be dependent on the relationship between the membrane patch within the
pipette and the surrounding "unpatched” membrane. Because tension is
proportional to the radius of curvature (Laplace’s Law for hemispherical

elastic membranes)

T = Pd/4

for constant pressure, the patch membrane tension will be less than in the
surroanding membrane. For large diameter cells, such as Lymnaea neurons,
this means that patch tension will be as small as 25% of the whole-cell

membrane tension (assuming a 2 pum diameter patch and 50 pm diameter cell,
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typically the largest cells patched). The membrane patch is thought to
have high mechanical stability which implies a certain degree of mechanical
isolation from the rest of the native membrane. The best evidence for this
is the ability to form excised patches; i.e. detaching the membrane patch
from the cell without loosing the gigaseal. Since swelling is expected to
create tension in parallel with the membrane, there is some question as to
whether this tension will be transmitted to the membrane patch within the
pipette. If membrane tension is transmitted to SAK channels via a sub-
membranous cytoskeletal network (Guharay and Sachs, 1984; Sachs, 1988),
during formation of the gigaseal the network within the patch may be
decoupled from the surrounding cytoskeleton. This mechanical isolation may
explain in part the low numbers of patches in which I observed SAK
channel activation during HOS. Ubl et al. (1988a) have also noted that in
only 50% of their patches did HOS result in SA channel (non-selective)
activation, even though depolarizations of V,, occurred in all cells exposed
to solutions of lower osmotic pressure. However, as shown in Fig. 27, it is
clear that when SAK channel activation did occur, it could be closely
correlated with cell-swelling in much the same way as shown by Sackin
(1989) who observed similar activation of SAK channels in Necturus kidney
cells. Unlike the Lymnaea SAK channels observed here (Fig. 25), Sackin
(1989) was unable to correlate cell volume equilibration after HOS with a
reduction in channel P,

None of the results presented here are inconsistent with SAK channels
playing a major role in osmoregulation. However, there is still no direct
evidence and this will likely remain the case until a specific SAK channel

blocker is found. Whether SAK channels are important for volume regula-
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tion may be a mute point in regard to questions of their activation during
cell-swelling.  The channels may simply have "no choice", but become
activated. A mere 1 mOsm difference between the external media and
cytoplasm is equivalent to 17 mmHg pressure. Lymnaea heart cell SAK
channels were easily activated with 20 mmHg (Sigurdson et al, 1987a) and
although neuron SAK channels are somewhat less sensitive (Sigurdson et al,,
1987b; see Chapter 5), both channels should be activated by relatively small
changes in osmotic pressure. Sackin (1989) has calculated that a 1% volume
increase would be sufficient to activate SAK channels in Necturus kidney
cells, Therefore, SAK channels may have only to be present in appropriate

numbers to play a significant role in acute cell volume regulation.
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Chapter 5: Gating characteristics of neuron cetl-body SAK channels

Introduction

Ion channel gating has been extensively investigated for classical types
of ion channels which have gating modes determined by transmembrane
voltage or chemical agonists (Hille, 1984). A new class of ion channel,
whose gating is primarily dependent on the input of mechanical energy in
the membrane, has received little attention in this respect (Sachs, 1988).
Except for the initial studies conducted by Guharay and Sachs (1984, 1985a),
the pating properties of cation-selective stretch-activated (SACat) channels
have not been examined in detail.  Previous work has concentrated on
demonstration of stretch-sensitivity and SA channel permeation properties
(Cooper et al, 1986; Methfessel et al, 1986; Christensen, 1987, Lansman gt
al., 1987; Taglietti and Toselli, 1988; Kirber et al, 1988; Stockbridge and
French, 1988; Falke and Misler, 1988; Moody and Bosma, 1989; Yang and
Sachs, 1989). For stretch-activated K* selective (SAK) channels only 2
studies have attempted to describe channel gating properties in relation to
stretch-sensitivity (Sigurdson et al, 1987a, see Chapter 2; Sigurdson and
Morris, 1989, see Chapter 6), while other reports have, as in the SACat
channels, demonstrated stretch-sensitivity and the Kt*-selective nature of
the channel (Brezden et al, 1986; Sackin, 1987; Ding et al, 1988; Medina
and Bregestovski, 1988; Zagotta et al., 1988; Sackin, 1989).

This paucity of kinetic studies is not an accident; gating studies that
relate channel mechano-sensitivity to changes in SA channel kinetics are
problematic since precise measurement of stimulus magnitude (membrane
tension) is dependent on patch geometry or other uncontrolled factors.

This results in considerable heterogeneity of channel stretch-sensitivity
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from patch to patch and makes comparisons between different preparations
difficult.  Kinetic studies are, nevertheless important, for they are the only
means of testing the stretch-sensitivity model proposed by Sachs (Guharay
and Sachs, 1984; Sachs, 1988; see Chapter 1).

Here I further the kinetic characterization of SAK channels begun in
Chapter 3. I examine SAK channel stretch- and voltage sensitivity, kinetic
stationarity and distributions of open, closed and burst dwell times.
Analysis of mean dwell times suggests the neuronal SAK channel has at
least 2 open states and 4 closed states. Of these 6 kinetic states only the
long open and long closed time change as a function of pressure, and of
these 2, only the changes in the long closed time are sufficient to explain
the change in channel open probability as a function of pressure. The
neuron SAK channel open probability was found to depend on the square of
the stimulus intensity as dictated by the Sachs’ model of SA channel

activation.

Materials and Methods

Lymnaea collection and maintenance, as well as cell culture of
neurons, were performed as described in Brezden et al. (1986), Sigurdson et
al, (1987a), Sigurdson and Morris (1989) and in chapter 3.

Single-channel recordings were made using standard techniques (Hamill
et al, 1981) a}:d with recording pipettes as described previously (Sigurdson
and Morris, 1989; chapters 3 and 6). For analysis of stretch- and
voltage-sensitivity and kinetic stationarity, open probability (P,) was
determined as described in Sigurdson and Morris (1989) and in Chapter 6.

Briefly, single-channel currents were digitized after filtering at 10 kHz (8
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pole Bessel) and stored on video tape. For P, analysis, curients were
played back, filtered at 2 kHz and digitized at 0.1 ms point? (10 kHz, 5
times the filter cutoff frequency). P, was calculated from either the tim:
averaged currents or the proportion of time the channels spent open. For
records with many open channels and little zero current baseline (en-
countered during periods high channel activity correlated with high negative
pressure), P, was determined by integration of the current record obtained
from chart recordings. Because the number of SAK channels in each patch
was not known, individual channel P, was not determined. The P, is
instead reported as an index of open channel probability averaged over time
and is given by

Index P, = N\P;, + N,P, + ... + NP,
where N; is the number of channels simultaneously open and P; the propor-
tion of time spent with N; channels open. Dividing index P, by n, were it
known, would give P,, the open probability for a single channel.

For analysis of channel kinetics, current records were filtered at 5
kHz and digitized at 50 us pointl. Event duration lists were construcied
using half-threshold event detection software running on a DEC 11/23
computer. Mean open, closed and burst dwell times were extracted by
curve fits (Marquardt non-linear least-squares algorithm) to frequency
histograms by regression of the sum of probability density functions (see
Sigurdson et al, 1987a; Chapter 3). Choice of the best fit to a particular
function (one to four sums of exponentials) was made on the basis of three
statistical criteria; the Schwarz criterion, the Akaike information criterion
(AIC) and a form of the likelihood ratio test (F test) for nested models

(see Landaw and DiStefano, 1984; Horn, 1987). The Schwarz criterion and
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Akaike information criterion reward parameter parsimony; i.e. they indicate
which model best fits the data with the fewest parameters, but do not
provide any measure of statistical confidence for this ‘“indication".  The
model with the lowest criterion is the best. The F test uses the residual
sum of squares and the function order (1, 2, 3 or 4 exponentials) to
compare two functions with an order difference of one. The calculated test
statistic is distributed as an F distribution and large F values are evidence
to reject the null-hypothesis, i.e. reject the lower order function (Landaw
and DiStefano, 1984; Horn, 1987).

In most patches the number of events of long duration (closed dwell
times) was quite small, preventing accurate simultaneous fitting of the
function to the frequency histogram. This was particularly troublesome
when P, was low, where long closed times could be hundreds of ms long
and subsequently few in number/unit time. In these cases, i.e. when
simultaneous fitting of all exponentials was not possible, estimates of mean
long closed durations were made by two approaches; the first simply
widened the frequency histogram bin to 1 ms (as opposed to the sampling
frequency bin size of 50 us) thus increasing the number of events per bin
at the expense of lumping all fast events into one or two bins. The second
ignored all events faster than an arbitrary cutoff time (typically 2 to 5
times the next fastest mear. dwell time) and assumed that the rest of closed
dwell times belonged to a single exponential distribution. The average of
these events minus the cutoff time gives the maximum likelihood estimate
of the mean dwell time for a single exponential (Colguhoun and Sigworth,
1983). When estimates of mean long closed durations could be obtained by

both approaches, the mean times estimated by the maximum likelihood
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method was within the standard error limits of the least squares derived
estimates.

Correlations between mean durations and applied pressure and P, were
checked by testing whether the linear regression slope estimate differed

significantly from zero (Mendenhall, 1975).

Discrimination between models of stretch-activation

Comparison between the Sachs’ model of pressure squared dependency
(see Chapter 1; Sachs, 1988) and linear pressure dependency of SAK channel
activation was made by normalizing index P, values and fitting Boltzmann
equations (equations 5.1 and 52) to a P, vs pressure or pressure-squared
plot respectively.

For a two-state reaction scheme

Closed ~ Open
<z

P, is described as a Boltzmann distribution with an exponential dependency
on pressure and channel stretch-sensitivity (see Cooper et al., 1986; Sachs,

1988). Plots of normalized P, vws pressure (or pressure-squared) were fit to
the following equations

P, = 1/(1 + Kgexp(-eP)) (5.1)
and

P, = 1/(1 + Kqexp(-eP?)) (5.2)
where K, is an equilibrium constant describing P, at zero pressure
(Ky = a/f, where B, is the closing rate at zero pressure), © is channel
stretch-sensitivity (Sachs, 1988) and P is pressure (Cooper et al, 1986;

Sachs, 1988). Discrimination between non-nested models (equations 5.1 and
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5.2) cannot employ the same techniques described above for nested models
(sums of exponentials). Instead, a repeated sampling technique described in
Horn (1987) was used to decide which of the models best fit the data. (I

a.n grateful to R. Horn for his assistance in this analysis).

Results

SAK channel open probability increases with increasing pressure

During single-channe! recording of isolated Lymnaea neurons, SAK
channels were observed in practically every patch (>200 patches). Under
normal recording conditions (normal saline, NS, in patch pipette and bath)
SAK channels appeared as outward current typified as bursts, i.e. openings
punctuated with several short closings (Fig. 28). When suction was applied
to the pipette the probability that the channel was open (P,) increased by
augmenting the number of channel openings per unit time rather than by a
dramatic increase in the time spent open for one channel (Fig. 29a-e). This
implied that the time between openings (or more correctly, between bursts,
since almost all "spikes" seen in Fig. 29 at low time resolution appear as
bursts at high time resolution as seen in Fig. 28) decreases as suction is
increased. All patches examined contained more than one SAK channel, as
seen Fig. 29c-e where multiple channel openings occurred at higher negative
pressures.  Evidence of near maximal channel activation (Fig. 20e, -60
mmHg section) appears as the reduction in current variance compared to
lower pressures (compare Fig. 29¢ and d) and the absence of any zero
current.  In all patches, release of suction resulted in an immediate
decrease in channel P, (Fig. 29e arrowhead), although zero pressure P,

often took several minutes to "relax" to pre-suction levels (Fig. 29f). The
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time constant of this "relaxation" appeared to be dependent on the duration
of the applied pressure stimulus, but was quite variable between patches and
was not quantified.

Plots of SAK channel P, {expressed as an index P, since individual
channel P, was not known) as a function of pressure show a rapid increase
in P, for small increments in pressure (Fig. 30). The response is non-linear
showing saturating behavior at maximal P.s and incremental P, increases
at pressures slightly below an apparent "threshold" pressure thus producing
a sigmoidally-shaped curve.  This threshold pressure was quite variable
between patches and may represent a certain amount of mechanical slack in
the membrane (possibly membrane infoldings) which absorb the initial
increases in tension at lower pressures. SAK channels could be activated
by both positive and negative pressure (Fig. 30).

The inset in Fig. 30 shows another P, vs pressure plot taken from 5

different patches which were subsequently used for kinetic analysis of open,

closed and burst durations.
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Fipure 28. Neuron SAK channels seen at high time resolution. In
these and all other examples of current records of SAK channel
activity, outward current is upward. Zero current is denoted by dotted
line. Note that openings occur in bursts separated by closings which
often exceed 25 ms. Single-channel currents filtered at 5 kHz for a
cell-attached patch with NS in pipette, V,, = +70 mV and -60 mmHg
suction. Scale, 2.5 pA and 25 ms.
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Figure 29. Pressure series showing SAK channel activity increasing as
suction is increased. All records shown at reduced time resolution in
order to show approximately 10 s of channel activity. Filtering by the
oscilloscope display produced current amplitudes which did not appear
unitary (compare with Fig. 28). a) SAK channel activity seen at
nominal zero pressure, 0 mmHg applied suction. b) Channel activity at
20 mmHg suction. Frequency of openings had now increased and
occasional multiple openings were seen. ¢) Channel activity at -40
mmHg showing increased channel P, and instances of at least three
simultaneously open channels. d) At -45 mmHg, SAK channel P, had
dramatically increased. Instances of zero current (indicated by dotted
lines here and in e) had been significantly reduced with th~ record
showing many multiple openings. e) SAK channel P, near saturation at
-60 mmHg. There were no zero current events and the current
variance appeared reduced as expected if almost all channels were open.
At arrowhead, suction was released with an immediate reduction in P,
The rebound in channel activity seen after the release point was
commonly seen in many patches. f) SAK channel activity at 0 mmHg
following pressure series. This record was taken ~7 min. after the
release of pressure shown in e.  Typically, channel P, required from
several minutes to only a few seconds to reach pre-suction levels and
appeared to be correlated with the length of time that suction was
applied. SAK channel current record filtered at 2 kHz for a celi-
attached patch with NS in pipette and V,, = +70 mV. Scale, 5 pA and
2.35s.
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Figure 30. SAK channel open probability as a function of positive and
negative pressure. P, shown as an index of true P, which could be
calculated if the true number of channels were known. Main graph)
Curves determined for 4 different patches. Both positive and negative
pressure could activate the channels and approximately to equal
amounts (solid diamonds). There was considerable variability between
patches as to the pressure where channel P, began to rapidly increase,
ranging from -30 mmHg to almost -90 mmHg. For 2 patches shown
(open inverted triangles and closed diamonds), channel P, could be
forced to near saturation producing current records similar to that
shown in Fig. 29e.  Excised patches (inside-out) were also stretch
sensitive (open triangles), but usually could not withstand pressures
sufficient to cause P, saturation. Open inverted triangles, open circles
and solid diamonds are data from cell-attached patches with pipettes
and bath containing NS and V,, = +70 mV. Open triangles were
obtained from inside-out patches where the pipette contained 50 mM
CsCl and the outside solution was 50 KCl, V., = +80mV. Inset) Index
P, vs pressure curves from S5 different patches whose current records
were later used for kinetic analysis. At these low pressures, changes
in channel P, were small but significant (slope of linear regression
curve fit to the combined data was significantly different from 0, @ =
0.01). All patches were cell-attached with NS in pipette and bath and
V, = +70mV.
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SAK channel voltage-sensitivity
Cursory examination of SAK channel gating at different transmembrane
potentials (V,) did not reveal a dramatic voltage-dependency.  This was
born out when analysis of channel P, as a function of V,, was made (Fig.
31). Within a range of voltages, encompassing the physiological range of
V,, (assuming {K*} = 50 mM and NS in bath), SAK channel mean sensitivity
was 143 mV + 26 mV (n = 4) per e-fold change in P, (using a linearized
fit, i.e. not a fit to a Bolzmann distribution). At extreme depolarizations,
channels were more sensitive having a mean of 19 mV + 92 mV (n = 3) per
e-fold change in P, The lack of voltage-sensitivity was particularly
evident when V_, was alternately switched from -50 mV to +70 mV (solid
symbols in Fig. 31). Here, the overlapping standard errors for the mean P,

at the two voltages indicated little change in P, over a 120 mV range.

SAK channel kinetic stationarity

Analyses of ion channel kinetics usually assume that the channel
kinetics operate as a Markov process, where event durations are indepen-
dent of the preceding event durations and the probability of being in a
state does not depend on time (Colquhoun and Hawkes, 1977; Aldrich and
Yellen, 1983; Colquhoun and Hawkes, 1983). This can only occur if the rate
constants for transitions between different states are invariant with time.
Time dependent changes in rate constants will be reflected by corresponding
changes in P, and state dwell times. In this case the channel kinetics will
be non-stationary (state occupancy probabilities not constant with time) and

invalidate the assumptions that dwell times will be exponentially distributed.
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Figure 31. SAK channel voliage sensitivity. Normalized P, vs V,
curves for 5 different patches. P, was normalized for each patch such
that the largest index P, was set to 1. V, was estimated by assuming
Vi = -50 mV and subtracting V. Open symbols represent patches
where V_ was sequentially increased by 20 mV increments. Note that
between V,, = -40 mV and +20 mV current amplitudes were too small
. for reliable estimates of P, (pipette contained 30 mM K+, bath was NS).
Closed symbols are mean P, for patches where voltage was repeatedly
alternated between -50 mV and +70 mV (solid triangle 4 repetitions,
solid diamond 3 repetitions). Slopes of curves in the physiological
range of V. gave a voltage-sensitivity of 143 mV + 26 mV per e-fold
change in P, (n = 4, hollow arrowheads). Voltage-sensitivity at large
depolarizations was much higher (193 mV + 9.2 mV per e-fold change
in P, n = 3, solid stars).. For open triangles and circles and solid
symbols, pipette contained 30 mM K* with NS in bath and 0 mmHg.
Open squares are from one patch where the pipette solution and bath
were NS and -30 mmHg suction was being applied.
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SAK channels were tested for stationarity by determining channel P,
over ~10 s intervals and plotting P, as a function of accumulated time.
Comparison of three different patches (all at nominally zero membrane
tension) revealed that P, fluctuates over time even though the channels are
not stimulated (Fig. 32). For two of the patches, P, appeared to vary
about the mean symmetrically, while the third patch clearly has P, increas-
ing with time. Kinetic stationarity during a stimulus was also tested on
one patch, where channel P, was monitored during periods of pipette
suction (Fig. 33). Even though suction was constant over time, channel P,
did fluctuate; symmetrically about the mean for two of the pressures (-40
and -50 mmHg), but increasing for the other pressure (-70 mmHg). In the
latter case, the P, rise was observable in the raw data record.

Non-random fluctuations of P, in time indicated -either that the
channel kinetics were inherently non-stationary or the stimulus was not
constant. The former did not appear to be the case since other patches or
pressures displayed stationary behavior. This implies that the pressure was
changing (unlikely, since it was monitored during the experiment) or that
the membrane tension does not immediately follow the pressure change
(perhaps due to compliance in the membrane and underlying cytoskeletal

structures) such that the steady-state tension had not been reached.
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Figure 32. SAK channel kinetic stationarity at 0 mmHg, nominal 0
membrane tension. Single-channel current records from 3 different
patches were sampled in ~10 s intervals and P, determined. When
plotted over accumulated time, these plots show the fluctuation in P,
when there was no applied suction. For 2 patches (circles in lower
part of plot and triangles) this variation appeared to be symmetrically
distributed about the mean which is indicated by dashed lines (lower
circles mean P, = 0.005, triangles mean P, = 0.003). The other patch
demonstrated a slow (accumulated time = 3 min.) rise in P, (upper
circles mean P, = 0.061). All patches were cell-attached with NS in
pipette and bath and V, = +70 mV.
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Figure 33. SAK channel kinetic stationarity at 3 different pressures for
one patch. As in Fig. 32, P, was determined for ~10 s intervals and
plotted against accumulated time. For the 2 lower pressures, -40 and-
50mmHg (diamonds and circles respectively), P, fluctuated about the
mean (dashed lines) in a random fashion indicative of stationary
processes (mean P, at -40 mmHg was 0.009; at -50 mmHg mean P, was
0.047). At -70 mmHg however, P, steadily rose during the 1 min.
recording period (mean P, was 0.037). Cell-attached patch with NS in
pipette and bath, V,, = +70 mV.
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SAK channel kinetics

The tension dependent increases in SAK channel P, must arise from
changes in the transition rates between different conformational states of
the protein. Tension dependent changes in any or all of these rates would
be reflected as changes in mean dwell times of the various states and
probability of being in a particular state (Colquhoun and Hawkes, 1983). In
a simple two-state kinetic scheme {one open and one closed state), P, could
increase by an increase in the rate for the transition from closed to open
or by decrease in the rate of transition from open to closed. The former
case would be revealed by a decrease in the mean closed time, while the
latter in an increase of the open time. It is also conceivable that both
rates change in opposite, but unequal amounts which would also result in
changes in channel P, Although most ion channels studied to date possess
more than two kinetic states, the same reasoning can be applied for SAK
channels in distinguishing which of the dwell times are changing as a
function of pressure. The extraction of mean dwell times from dwell time
distributions relies on the assumption that these times are exponentially
distributed; ie. the channel gating kinetics are stationary and therefore are
described as a Markov process (Colquhoun and Hawkes, 1983; Horn and
Lange, 1983). Current records which did not appear stationary were not

included in any kinetic analysis.

Dwell time histograms
The characteristics of the raw SAK channel current record (Fig. 28)
immediately indicated that the channels’ kinetic scheme could not be

described as a simple two-state scheme. The channel activity appeared as a
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series of bursts of openings, which by definition implied at least two closed
states (Colquhoun and Hawkes, 1983). In fact, distributions of SAK channel
open dwell times could be best fit by a sum of two exponentials, while
closed times were best fit by a sum of four exponentials (for examples of
dwell histograms for one patch at different pressures see Figs. 34 - 37).
The channels therefore had at least 2 open states and 4 closed states
represented by mean dwell open times 7o, and 75, and mean closed times
Ter Ten Tez and 7g, respectively.  This was independent of suction, i.e.
the number of states did not change as channel P, increased. It was
apparent, however, that only one of the mean dwell times changed dramat-
ically as a function of pressure; for the patch described here (Figs. 34-
37), the longest closed time (rc,) decreased by a factor of 4.6 when suction
was increased and the resulting P, increased by a factor of 64. A
decrease in the long closed intervals as a function of pressure correlated
with the appearance of the raw data; ie. SAK channel open times did not
appear to change, but the time between openings or bursts of openings

decreased (increased opening frequency) resulting in an elevated P,
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Figure 34. Open time frequency histogram obtained at 0 mmHg. This
and all other open time distributions (obtained at different pressures or
from different patches) were best fit with a sum of two exponentials.
In this patch channel activity was very low (P, = 0.0009), which meant
that only a total of 178 openings were collected in a 3 min. period.
All mean open dwell times (in this patch, 1q, = 0.13 ms and 74, = 121
ms) were estimated from histograms constructed from bins equal to the
sampling time (50 wps). Cell-attached patch, NS in bath and pipette, V
= +70 mV.
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Figure 35. Open time frequency histogram obtained at -40 mmHeg,
Same patch as in Fig. 34, but now P, = 0.064 (2133 open intervals were
collected in 1 min). Estimated mean dwell times were, 75, = 0.08 ms
and 75, = 2,07 ms.
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Figure 36. Closed time frequency histogram obtained at -20 mmHg.
Same patch as in Fig. 34. In this and for all other patches the closed
dwell time distribution was best fit by a sum of 4 exponentials.
Channel activity was so low at 0 mmHg that too few events could be
collected to simultaneously fit all 4 exponentials (see Fig. 34). At -20
mmHg P, was 0.01 (983 closed intervals collected in 238 min.).
Estimated closed mean dwell times were; 7, = 0.06 ms, 1, = 046 ms,
Tz = 183 ms and 7g = 579 ms. 7¢ Was estimated from histograms
constructed with 1 ms wide bins. The shorter mean times were
estimated from histograms constructed from bins equal to the sampling
time (50 us).
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Figure 37. Closed time frequency histogram obtained at -40 mmHg.
Same patch as in Fig. 34. Estimated mean closed times were; 1o =
0.06 ms, 7, = 057 ms, 7 = 2.02 ms and 7, = 125 ms. 7¢ was es-
timated from a frequency histogram constructed from 1 ms bins.
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Mean open and closed dwell times as functions of pressure and P,

When the previous analysis was repeated on 5 other preparations, a
similar trend was found, but the interpretation was sometimes confused by
inconsistent changes in 75 and other dwell times. The source of the
inconsistencies was found to result from the individual patch P, vs pressure
curves, which did not always show a positive slope; ie. for some pressures
greater than nominal zero, P, was less than at zero pressure (see inset Fig.
30). Ideally, the kinetic analysis would have been conducted on data where
P, is steeply dependeni on pressure (Fig. 30), but the multiple channel
nature of these patches dictated that only a low range of pressures and
correspondingly low P.’s could be used. At higher pressures multiples of
channel openings prevented kinetic analysis. If mean dwell times were
instead plotted against SAK channel P, consistent patterns were observed.
For comparison purposes, plots of dwell times against pressure and against
channel P, are presented.

Mean dwell times extracted from frequency histograms were plotted
against applied suction or P, and fit with linear least squares. Linear
dependence between dwell times and pressure or P, were determined by
testing for a slope significantly different from zero (Figs. 38 - 40).
(Although the Sachs’ model of stretch sensitivity predicts a logarithmic
relation between mean dwell times and pressure, for the limited range of
pressures examined a linear relationship was a reasonable assumption.) Of
the 6 mean dwell times required to adequately fit the open and closed
distributions, only 2 were significantly correlated with changes in pressure
or P, (slopes significantly different from zero, « = 0.05); the long open

time, 7, and the aforementioned long closed time, 7, The average
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Table 5. The average of mean dwell times (ms) from 5 patches (6 pressure
series) which were not linearly dependent on pressure or P,

Open time Closed times
Tol Ta T Tc
0.15 + 0.08 0.06 4 0.032 0.46 + 0.16 1.82 + 0.57

*Extracted mean times are expressed as averages (ms) and standard
deviations from 17 different "conditions" (n = 17), i.e. data was from
different patches and different pressures were lumped together.
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Figure 38. Mean open dwell times as functions of pressure or P,
Mean open dwell times were extracted from frequency histograms from
5 other preparations in addition to the histograms shown in Figs. 34-
37. Because P, did not always smoothly increase as suction increased
in all patches (see inset Fig. 30), dwell times were plotted against both
pressure or P,. This allowed a clearer resolution of which dwell times
altered as the P, and pressure changed. Changes in mean dwell times
were checked by testing if linear regression slope estimates were
significantly different from zero. a) 1o, was not significantly related
to pressure or b) P, Solid and dotted lines here and in Figs. 39 and
43 represent mean and standard deviation of estimated time constants
(see Table 5 for values). = When 1,5, was plotted as function of
pressure, ¢, the slope was not significantly different from 0. Note
however, that in all patches except one (medium dashed line) 14,
increased when pressure was changed from 0 mmHg to some new
pressure value. In this figure and all following, data from individual
patches may be identified by the line type, ie. solid, dotted, short
dash, long dash, dash-dot and dash-dot-dot which connect data points.
d) The slope of 7, plotted as a function of P, was significantly
different from 0 (¢ = 0.05) thus implying a relation between the two.
All patches were cell-attached with NS in pipette and bath and V, =
+70 mV.
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Figure 39. Mean closed times as functions of pressure or P, There
were no significant correlations between pressure a) or P, b) for the
short closed times 7, (circles) and 7, (triangles). In a, only the
mean and standard deviation for 7o, is shown. The same result was
obtained for T, (diamonds), i.e. slope was not significantly different
from 0. See Table 5 for means and standard deviations of time con-
stants combined from all patches.
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Figure 40. Long closed dwell time (7o) as a function of pressure or
P,  Since estimates of g could not always be made from simul-
taneous fits of 4 exponentials to frequency histograms (due to paucity
of events, especially at low pressures), mean 7o was determined in all
patches by assuming that all long closings belonged to a single ex-
ponential distribution and then averaging all intervals greater than a
cutoff time (4 ms or 10 ms) which was at least 4 times greater than
Tes. The cutoff time was then subtracted from the average to give
maximum likelihood estimate of 7, (open symbols). For patches where
fits. to 4 exponentials was possible, these estimates (solid symbols,
obtained from histograms with 1 ms bins) are include along with their
standard errors. The close agreement between the 2 methods (estimates
overlap for each patch) gives some measure of confidence in estimates
obtained using the maximum likelihood method alone. Slopes of plots of
Tcy Vs pressure (a) or P, (b) were significantly different from 0 (e =
0.05 and 0.005 respectively) decreasing in all patches as pressure or P,
increased. The extent of 7o, decrease in some patches is emphasized
by need for a log time scale in order to adequately display all 7,
values.
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values of the other dwell times are given in Table 5.

The changes in 75, and 7o were opposite and not of the same
magnitude; 74, increased (Fig. 38d), while 7, decreased (Fig. 40a, b). For
the largest increases in P, determined during the analysis, the maximum
relative changes in 1o and 1o, were very different (Table 6). In one
patch where P, increased 77 times when suction was applied, 7o, decreased
to about one-twentieth the zero pressure 7, while 7o, only increased by
a factor of 1.7. In all patches, the increased P, could be attributed
primarily to decreases in 7, since no other dwell times changed signifi-
cantly enough to account for the changes in P, (Figs. 38 - 40, Table 6).

Estimates of rg and 7 cannot be accurate since all patches
contained multiple channels. If channel number (N) were known, 7o, couid
be directly scaled to N. Producing conditions of saturating P, will give
estimates for N, provided the channel has only 2 kinetic states and the
unitary current are known. For state diagrams having more than 2 states
(some of which having stretch-independent transition rates), P, can never
be forced to 1, meaning an estimate of N will always be underestimated. In
Fig. 30, one patch appears to be near saturated activity, with index P,
reaching 8.5. N in this case is at least 9. N for other patches was in the
range of 3 to ~10, but often the gigaseal was lost before maximum activa-

tion was achieved.

SAK channel burst kinetics
Characteristics of SAK channel burst kinetics were obtained using the
same empirical approach used on SAK channels described in Lymnaea heart

cells (Sigurdson et al, 1987a; see Chapter 2), Analysis of burst duration
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and interburst intervals allowed an independent inquiry as to whether the
tension dependent change in SAK channel P, was primary expressed us a
decrease in the long closed time. If SAK channels currents appeared as
well separated bursts of openings (see Fig. 28), then it was likely that the
long closed events would occur between the bursts. Whether SAK channel
openings occurred in bursts was examined by plotting burst duration (at
several different pressures for the same patch) as a function of the inter-

burst interval (Fig. 41a).
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Figure 41. SAK channel burst analysis. Burst duration, proportion of
time open in burst and number of closings per burst determined for one
patch for 5 different pressures. a) The burst durations formed a
plateau region between interburst intervals 2 ms and 10 ms, indicating
that the channel openings occurred in bursts which were well separated
in time. The burst duration (between 2 ms and 10 ms) was seen to
increase as suction was increased (see figure for symbol key) followed
by a reduction in the post-pressure (0 mmHg) records. Increases in
burst duration seen at interburst intervals greater than 10 ms, are due
to coalescing of groups of bursts. b) Proportion of time spent open in
a burst remains constant over the pressure range examined in this
patch. At long interburst intervals, proportion of time spent open
decreases since the amount of closed time increases as interburst closed
intervals are included in the burst duration. ¢) Number of closings per
burst shows an increase as pressure is increased (in the 2 ms to 10 ms
interburst interval range) as would be expected if the burst duration
was also increasing,
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For any channel which has a clearly defined, i.e. sufficiently long

interburst closed-interval, there should be a range of interburst intervals

over which the burst duration should change relatively little (Sigurdson
et al, 1987a). As seen in Fig. 41a such a range exists (extending from 2
to 10 ms) where the burst duration plots form a plateau. An interburst
interval was chosen from the middle of this range and was then used as a
filter to construct a new events list consisting of bursts separated by
closed intervals of 6 ms or more (all closed events less than 6 ms, were
considered part of the burst). This new events list was used to form a
burst frequency histogram from which the mean burst duration was ex-
tracted. Typically these histograms were best fit by a sum of 2 exponen-
tials (Fig. 42a), the burst duration (75,) and a much faster component (1)
which was less than 0.3 ms in duration (these may be isolated openings
separated by the chosen interburst discriminating time). The mean inter-
burst duration (7,3) was similarly determined from a curve fit to a single
exponential (Fig. 42b). In addition to burst durations, the proportion of
time spent open per burst and the number of closing (of any duration less
than the discriminating interburst time) were examined at different pres-

sures (Fig. 41b, c).
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For the patch presented in Fig. 41, burst duration seemed to increase
as function of pressure. The accumulated data from 5 patches indicated the
slope of the plot of mean burst duration {rp,) vs pressure or P, was
significantly different from zero (@ = 0.05; Fig. 43). Interburst duration
was also significantly correlated with pressure or P, decreasing as pressure
or P, increased (Fig. 44). The maximum relative changes in 7y, were
slightly larger than those observed for 7o, but were all (except for patch

#1) smaller than the changes found for 7,5 (Table 6).
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Figure 42. Burst duration and interburst closed time frequency
histograms. Construction of histograms was made by choosing an
interburst interval cutoff time (6 ms) from the middle of the plateau
region described in Fig. 41. a) Burst duration histograms could be best
fit by the sum of 2 exponentials in all patches except ome. The fast
burst time g, is probably due to contamination by isolated short
openings which occurred in closed intervals greater than the cutoff
time. For this patch, 7p was 0.1 ms while the mean burst duration,
Tpe was 17 ms. b) Interburst closed time (7,5) histograms were best
fit by a single exponential, although in most patches at low pressure
there were too few events for generation of a frequency histogram
suitable for curve fitting. Maximum likelihood estimates were made
instead. In this patch, 75 was 922 ms. Cell-attached patch with NS
in pipette and bath, V,, = +70 mV and suction at -50 mmHg,
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Figure 43. Mean burst duration as a function of pressure or P,, As
might be expected for random inclusions of brief openings into the
burst duration distribution, the short time constant (7g5,) of the burst
duration frequency histogram was not correlated with pressure (a) or P,
(b). ¢) rg did increase as pressure or P, (d) increased (slope sig-
nificantly different from 0, @ = 0.05 and 0.01 respectively).
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Figure 44, Interburst closed time (rz) as a function of pressure or P,
Open symbols obtained from maximum likelihood estimates using a 10 ms
cutoff.  Filled symbols are estimates based on a single exponential
curve fit. T decreased significantly (slopes different from 0,
a = 0.05) as pressure (a) or P, (b) increased.
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Table 6. Maximum relative changes in 1, Tpa Ty and 73 as a function
of increased suction.

Patch Pressure Relative increase?

Change! P, Toz T2 Ty Tin
1 15 39 1.2 33 1.7 1.7
2 25 54 1.2 1.1 2.0 2.0
3 10 54 1.0 - 38 -
4 50 13.7 0.8 25 14.5 17.8
5 50 17.1 1.2 1.8 9.0 -
6 40 71.1 1.7 33 22.3 22.6

! For all patches except number 3, this range was from 0 mmHg to the
pressure which produced the greatest increase in P, and was still amenable
to kinetic analysis. Given as mmHg.

? Ratio of the maximum and minimum (0 mmHg) values of Po Ton Toay Tes

and 713 Blank values indicate patches where data were insufficient to
determine burst parameters.
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Discrimination of the Sachs’ model of stretch-sensitivity

The central premise of the Sachs’ model of ion channel mechano-
sensitivity, is the pressure-squared dependence of channel P, via a stretch-
dependent transition rate (Guharay and Sachs, 1984; Sachs, 1988). The
model treats the ion channel as a Hooke’s law spring which implicitly
describes the free energy change required for channel gating in terms of
tension or pressure-squared. Deciding whether the SAK channel P, as a
function of pressure plots (Fig. 30) were best described by a pressure or
pressure-squared relation (Equations 5.1 and 5.2, and henceforth models 1
and 2), required fitting equations 5.1 and 5.2 to the data and then deciding
which of the models best fit the data. The assumption of a 2-state channel
is clearly wrong for both neuron and heart SAK channels, but given that
only one mean dwell time changed significantly with pressure (7o in
neurons and 7o in heart cells, Chapter 2) implied that only one transition
rate was changing as a function of pressure and that simplification to a 2-
state kinetic state diagram could be made. Fitting the data to model 2
allowed extraction of the stretch-sensitivity term o, thus permitting
comparison of SAK channel stretch-sensitivity with other channels.

Surprisingly, adequate curve fits could be made for both models for all
patches examined from both neuron and heart SAK channels (Figs. 45 and
46). (I have included data from the Lymnaea heart cells to permit com-
parison with the neuron data presented in this chapter. At the time when
the heart data was analyzed and published, this analysis had not been
available.) A preliminary discrimination of model 1 vs model 2 using the
AIC criteria (Horn, 1987) showed that model 2 (pressure-squared) best fit

the data. Subsequent model discrimination analysis performed by R. Horn
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on this data showed that only the neuron data was best fit by model 2
(p > 095); the heart data was best fit by the null hypothesis (model 1,
pressure). © for neuron SAK channels was 0278 -+ 0.192 cm?Hg (n = 6,
range 0.044 - 0.54 cm?Hg) and 17.6 + 182 cm2Hg (n = 4, range 1.9 - 425
cm2Hg). Both cell-attached and inside-out patches were included in these
means. For one neuron patch (see Fig. 30, solid diamonds), & was quite

similar when determined for both negative and positive pressures (0.36 cm-

2Hg and 0.4 cm2Hg respectively).



166

Figure 45. Comparison of the Sachs’ pressured-squared model of
siretch-sensitivity to a linear model in Lymnaea heart cell SAK
channels. P,
then the normalized P, fit to either equation 5.1 or 5.2. Fits to either
the pressure-squared (a) or linear (b) model were quite good for this
patch.  Estimated stretch-sensitivity, ©, was 1.9 cm?Hg. There was
however, considerable scatter of the estimated stretch-sensitivity
parameter & when data from all heart patches was pooled (mean & =
17.6 + 182 cm?Hg, n = 4). Although the AIC measure of goodness of
fit chose the pressure-squared model, R. Horn’s discrimination analysis
for non-nested models chose the linear model for this patch. Cell-
attached patch with 30 mM K* in pipette and NS in bath, V, = +50
mV.

vs pressure curves were obtained from Chapter 2, and
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Figure 46.  Comparison of the Sachs’ pressured-squared model of
stretch-sensitivity to a linear model in Lymnaea neuron SAK channels.
As in for the heart SAK channels, both models fit the data, but the
estimated mean © for the pooled neuron was much less variable (0.278 +
0.192 cm?Hg, n = 6). For this patch ® was 0.04 cm2Hg. Both AIC
and the Horn discrimination analysis chose the pressure-squared model
for this patch. Cell-attached patch with NS in pipette and bath and
V, = +70 mV.
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Discussion

Mechanically-gated ion channels may still seem somewhat of a novelty,
but this channel type has now been described animals, plants, fungi and
bacteria (Sachs, 1988; Morris, 1989). While it is unlikely that the under-
lying transduction mechanisms are similar in all channels from this diverse
group, it is reasonable to postulate similar mechanisms within any one of
the groups. A mechanism was postulated by Guharay and Sachs (1984) for
SACat channels in chick skeletal muscle (see Howard et al., 1988 for a
dissenting view), but relatively little data is available to test or confirm the
model.

The SAK channels in neuron somas examined here displayed a repro-
ducible activation in response to negative or positive pressure. The general
features of this response were so consistent between different patches from
different cells that I feel there is no question that these channels can
transduce membrane tension when measured as single-channel current using
the patch clamp technique.  However, quantification of channel stretch-
sensitivity and channel gating characteristics were compromised by two main
factors: 1) heterogeneity of "threshold" pressure between patches (Fig. 30);
and 2) all patches contained multiple and unknown number of SAK
channels,

Heterogeneity of threshold pressure may be a result of membrane
slack, which must be first reduced before the channels begin to “feel’
increases in membrane tension. By adding a offset pressure (P, term to

equation 5.2,

Po = 1/(1 + KoexP('e (P - Pofr)z)) (53)
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Sachs (1988) was better able to fit his average current (equivalent to P.)
ys pressure curves. When equation 3.3 was fitted to the neuron data in
Fig. 30, the estimated P, ranged from 1 to 5 cmHg which correlated with
the pressure needed to reach “threshold” in each patch (Interestingly,
addition of the P,y term did not significantly improve the fit of equations
51 or 52 to the P, data as based on the AIC test). Perhaps a more
unpleasant explanation of “hreshold" heterogeneity, is that the pressure-
squared relation does not hold for channels in some of the patches ex-
amined. It was possible to fit some of the neuron data to a pressure-cubed
relation, although the fit was statistically poorer than for the pressure-
squared fit.  Higher order relations imply complex underlying processes,
ones which could not be accounted for by a Hooke’s Law spring. At
present, the membrane slack explanation is the simplest and the most
testable hypothesis.

In a more general senmse, the "threshold" heterogeneity problem is
founded on the unknown geometry of the membrane patch, which is
presently assumed to be a hemispherical structure (Guharay and Sachs,
1984). At small pipette pressures, membrane tension and pressure may not
be closely related. Other factors such as capillary forces, adhesion between
the membrane and glass, drift in the manipulator or intracellularly genera-
ted forces may generate membrane tensions which exceed those at small
pipette pressures. Conversely, such effects couid potentially relieve the
tension created by small pressure changes. This could explain the non-
uniform changes in channel P, seen at low pressures in the inset in Fig. 30

and highlights the difficulty in knowing the true magnitude of the stimulus.
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Given this uncertainty, the mean stretch-sensitivity (&) for the neuron
SAK channels is quite similar to © determined for SACat channeis in
skeletal muscle (0.66 cm2Hg, Guharay and Sachs, 1985a) and lens epithelium
(0.51 ecm?Hg, Cooper et al, 1986). The reason for the wide range of &’s
found for heari SAK channels is not clear. It was also apparent that SAK
channels (within the physiological voltage range) are quite voltage-insensi-
tive requiring 143 mV to change P, e-fold. In general, SA channels tend
to be either voltage-independent or show low voltage-sensitivity, with
activation increasing upon depolarization (Morris, 1989). An exception is
the SAK channel found in the basolateral membranes of kidney ceils which
increase P, upon hyperpolarization (Sackin and Palmer, 1987).

Given the difficulty in knowing what the true membrane tension is, P,
was the best measure available for use in detecting changes in time
constants of dwell time distributions. P, (a dependent variable) is deter-
mined by the underlying rate constants which are indirectly measured by
the average dwell times. (For a 2-state diagram, P, = ky/k, + kj; and
70 = l/k;; Colquhoun and Hawkes, 1981, 1983.) Therefore the measured
changes in P, are the result of changes in the underlying rate constants,
some of which in turn depend (by definition of a stretch-activated channel)
on the membrane tension. Simply put, if P, changes, then a rate constant
must have changed. If P, is clearly correlated with pressure (at least at
higher pressures) then comparable changes should have occurred in the same
rate constant.

Table 6 shows that there is little relation between the degree of
increase in SAK channel activity (ratio between P, at 0 mmHg and the

largest P, examined for a particular patch) and the change in burst
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durations «nd open times. Although 7o, did increase as pressure increased,
the change was slight, but perhaps sufficient to account for the increase in
burst duration.  SACat channels have a pressure-insensitive open time
(Guharay and Sachs, 1984), but a SAK channel in fish embryos showed an

apparent increase (see Morris, 1989) in burst duration as function of
pressure (Medina and Bregestovski, 1988)

Table 6 does show that 7y and 15 are closely related to SAK
channel Pg ie. the larger the increase in pressure and corresponding
increase in P, the greater the decrease in 7o and 7,3 This is com-
parable with the kinetic changes found in Lymnaea heart cells (Sigurdson et
al., 1987; Chapter 2) and the SACat channels described in chick skeletal
muscle (Guharay and Sachs, 1984). In these examples, both channels had at
least 3 closed states with the longest mean dwell time stretch-dependent.
If a linear reaction scheme is assumed, then the transition rate for leaving
the long state is the only rate significantly stretch-dependent, which is
what Guharay and Sachs (1984) had determined after directly determining
the rates. Because all patches had multiple and unknown numbers of
channels, the change in 7o, provides, at best, a measure of the underlying
transition rate change. It is reassuring, however, that the results from
Lymnaea heart cells (Sigurdson et al, 1987), neuron somas and growth
cones (Sigurdson and Morris, 1989), chick skeletal muscle (Guharay and
Sachs, 1984) and fish embryos (Medina and Bregestovski, 1988) all show the
same phenomena of a long closed interval decreasing in response to
membrane tension. This implies the possibility of a common mechano-

transducing mechanism among SA channels.
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Confirmation of the Sachs’ pressure-squared transduction model is still
lacking. What is needed is an experimental preparation in which membrane
tension can be accurately measured. The correspondence between Lymnaea
heart and neuron SAK channels in ion selectivity and kinetics, leads me to
believe that the failure to select the pressure-squared dependence model
partially stems from our ignorance of the true membrane tension rather
than any fundamental difference between transduction mechanisms.  The
ease in which models 1 and 2 could be fit to the data from neuron and
heart cells, also points to the poor discriminatory power of this sort of
experiment. If proteins, at the molecular level, indeed act like macroscopic
Hooke’s Law springs, the Sachs model must apply. The larger problem then
becomes one of characterizing the mechanical properties of SA channels and

identifying any associated cytoskeletal proteins.
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Chapter 6: Stretch-activated ion channels in growth cones of snail neurons

Introduction

The idea that cells which are not specialized mechano-sensors should
possess stretch-sensitive ion channels still seems novel, but following the
first observation of such channels in skeletal muscle (Guharay and Sachs,
1984), similar channels have been described in cells as diverse as bacteria,
yeast, plant protoplasts, lens epithelium, smooth muscle, endothelial cells,
(reviewed by Kullberg, 1987; Sachs, 1988) and teleost embryos (Medina and
Bregestovski, 1988).

Here I report that molluscan neurons contain stretch-activated
channels, These channels occurred in the cell body, but more interestingly
yet, in the mechanically-active part of the cell, the growth cone. They
were ubiquitous rather than confined to identified neurons. Isolated in
culture, Lymnaea neurons actively put out new processes with growth cones
which, like those in other gastropod neurons (Siegelbaum et al, 1986) are
large enough for single channel recording,

Neurite elongation and cell locomotion are related processes, probably
using the common underlying mechanisms of exocytosis and actin-myosin
contractions (Lackie, 1986; Bray, 1987; Kater et al, 1988). Models of these
processes, therefore, require that Ca’* concentrations be controlled within
narrow limits (Kater et al, 1988). Snail neurons have been instrumental in
showing how neurotransmitters and electrical activity, through indirect
effects on intracellular Ca?*, control growth cone motility.  Given the
strong precedent for regulation of neuronal Ca?* levels by K* channels
(Siegelbaum et al, 1986), stretch-activated channels that are K+ selective

would naturally be of special interest in growth cones.  Growth cone
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motility, by definition, is a mechanical process, so that neurite membranes
should experience tension changes during growth. Stretch-sensitive
channels in growth cones could provide a link between this membrane
tension and - via membrane voltage - transmembrane Ca?* fluxes.

Preliminary communications describing stretch-activated channels in
snail neurons (Sigurdson et al, 1987b; Bedard et al, 1988) and in neuro-
blastoma (Falke and Misler, 1988; Falke and Misler, 1989) have appeared.

Materials and Methods

Lymnaea stagnalis were collected locally or purchased from Blades
Biological, Edenbridge, England. Sterile isotonic normal saline (NS) (50 mM
NaCl, 1.6 mM KCl, 3.5 mM CaCl,, 2.0 mM MgCl,, 5 mM HEPES, 5 mM
glucose, pH 7.6, adjusted with NaOH) supplemented with penicillin (500 LU.
ml!) and streptomycin (500 pg ml') was used as the culture medium.
Pipette solutions were either antibiotic-free NS or 50 mM KCl saline (50
mM KCl, 1 mM CaCl,, 5 mM HEPES, pH 7.6). A low Ca?* saline (buffered
to 108 M Ca?*; 60 mM KCl, 2 mM MgCl,, 02 mM CaCl,, 22 mM EGTA, 5
mM HEPES, pH 7.6) was used to perfuse inside-out patches in some experi-
ments, Neurons from the circumoesophageal ganglia were isolated by first
loosening the connective tissue sheath in 0.25% protease (Sigma) (40 min
agitation) followed by mechanical dispersion. Neurons from individual
ganglionic masses were then dispersed directly onto coverslips (recording
chamber bottoms). Chambers were detergent-washed, rinsed thoroughly with
distilled water, surface sterilized with 70% ethanol and then dried in a 60°

C oven for at least 2 hours before use. Cell adhesion and spreading on the
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glass substratum was generally good provided the amount of cellular debris
was minimized during dispersal.

Standard single-channel recording techniques were employed (Hamill et
al., 1981) to record from the neuron cell membrane. Patch electrodes were
pulled (Kopf 750 pipette puller) from Corning 7052 capillary tubes (Garner
Glass Co, Claremont, CA ID=0.8 mm, OD=1.65 mm), fire-polished and filled
with NS, with NS plus 1 mM quinidine (Sigma) or S0 mM KCi saline.
Pipette tip openings were estimated to be a maximum of 2 pm in diameter
prior to fire-polishing and had a mean bubble number of 4 + 0.6, n=5 (Corey
and Stevens, 1983). Suction applied to the patch pipette through the
sidearm of the electrode holder was monitored by a Bio-Tek pressure trans-
ducer (Bio-Tek Instruments, Burlington, VT).

Single-channel currents were recorded using a patch clamp amplifier
(Axon Instruments, Burlingame, CA), filtered at 10 kHz and stored on video
tape using a PCM-1 (Medical Systems, Greenvale, NY) digitizing unit. For
analysis of current amplitudes, data were filtered at 1 or 2 kHz, displayed
on a digital storage oscilloscope and the amplitudes of at least 10 individual
events directly measured from the display. For analysis of open probabili-
ties (P,) and for mean open and closed times, data were filtered at 2 kHz
and digitized at 0.1 msec point! (five times the filter cutoff frequency).
An event-detection program run on a DEC 11/23 computer produced an
idealized record of the open and closed tirﬁes thus allowing determination of
the proportion of time the channels spent open. When intense channel
activity precluded accurate event detection, an index of P, was determined
by integrating the current record over a known time interval and dividing

by the single channel current. The true number (n) of channels in the patch
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is unknown, hence, in both approaches, P, is reported as (Sigurdson et al,
1987a):

Index P, = N,P; + N,P, + ... + NP,
where N; is the number of channels simultaneously open and P; the propor-
tion of time spent with N; channels open. Dividing index P, by n, were it
known, would give P, the open probability for a single channel.

Curve-fitting procedures used to determine time constants associated
with the open and closed times have been described previously (Sigurdson et
al,, 1987a).

For current/voltage (I/V) relations of cell-attached patches, the
membrane voltage (V,,) was laken to be:

Vo =Vea-Vp
where V, is the pipette holding potential and V., the assumed resting
potential of the cell. V., obtained from intracellular measurements, was
-50 mV + 1.9mV (SEM, n=32).

Photomicrographs were made using an Olympus IMT-2 inverted micro-
scope employing phase contrast or Nomarski differential interference
contrast (DIC) optics. Cells were cultured and all recordings made at room

temperature (18-23° C).

Results

Rearborization of the isolated neurons

Isolation disrupted the in wvivo structure of neurons.  Freshly dis-
sociated, neurons consisted only of a cell body, sometimes bearing a short
axon stump (Fig. 47a,b). For my purposes, this was advantageous, because

the subsequent rearborization provided an opportunity to record from
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membrane which, I could assume, was newly-elaborated. To illustrate some
of the dynamics of regrowth of isolated Lymnaea neurons under the minimal
culture conditions used (see Kater and Matison, 1988), Fig. 47b-g follows a
cell for 68 hr post-dissociation. The axon remnant (Fig. 47b) became the
first attachment site 20 min after isolation. In the next hour a lamella
appeared (Fig. 47c), then spread extensively. The cell became firmly
attached (Fig. 47d, 21.5 hr), as indicated by its stability during jarring
movements of the culture dish. Over the same period, small neurites with
microspikes began to extend from the opposite side of the soma (Fig. 47d).
One of these neurites rapidly broadened into a growth cone (Fig. 47e, 24
hr) which extended for ~70 pm before retracting (not shown). By 46 hr
another neurite had formed and produced a much larger growth cone (Fig.
47f) which continued to elongate and branch (Fig. 47g, 68 hr). Meanwhile
the neurite (Fig. 47e) which had retracted, re-extended. Throughout the
neuron’s regrowth process, the large lamella established from the axon
remnant was relatively stable, with major neurite and growth cone forma-
tion occurring on the opposite side of the soma.

Most, but not all isolated cells attached and began spreading within
minates; Fig. 48a shows two cells five days in culture, one which merely
persisted, another which rearborized. The gamut of rearborization patterns
was wide. At one extreme (Fig. 48b,c), cell bodies had multiple neurites
with sub-branches. Some cells were dominated by two long neurites (Fig.
48d,e), whereas others were essentially monopolar (Fig. 48f). As the figures
show, neurites were terminated by growth cones from which extended
microspikes (Fig. 48b,e) and/or lamellae (Fig. 48b,f). Recordings were made

from cell bodies and growth cones in neurons of all morphological types.
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Figure 47. Time course of neurite growth. a) Freshly isolated uniden-
tified Lymnaea neurons. DIC optics; scale bar = 106 pm. b-g, Neurite
development of one cell from isolation until day 3. b) 20 min. ¢) 1 hr.
d) 215 hr. e) 24 hr, f) 455 hr. g 68 hr. Phase contrast optics;
scale bar, 54 um.
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Figure 48. Lymnaea neurons several days in culture. a) Neurons 5
days after isolation. Note patch pipette (arrowhead) located on a
process close to the cell body. SAK channels were observed during
recordings made at this point. b) Patch pipette on growth cone from
the cell in ¢. Recordings from this patch exhibited SAK channels. ¢)
Day 3 cell with numerous neurites terminated by growth cones with
lamellae and microspikes. Arrowhead marks the location of the patch
pipette pictured in b. d) A very long (>720 um) day 3 neuron. Patch
recordings from the growth cone (lower part of plate) and the cell
body both showed SAK channels (see Fig. 49). e Higher magnification
view of the patched growth cone (with numerous microspikes) in d.
Patch location indicated by arrowhead. f Day 5 neurons showing
extensive neurite development with overlapping of processes. As in
other cells, growth cones are well-developed, many contain large veil
areas with protruding microspikes. DIC optics for a, ¢, d, e; Phase
contrast optics for b, f. Scale bar for a, b, ¢, f, 54 um; for d, 208 um;
for e, 36 pm,
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Stretch-activated K+ (SAK) channel distribution

Stretch-activation of the (SAK) channe! was observed in cell-attached
and excised (inside-out) patches. Except where specifically noted data were
obtained from celi-attached patches using pipettes containing antibiotic-free
NS.

SAK channels were ubiquitous. They were observed in each of 6
freshly-isolated neurons tested at 0.3-2.0 hr post-dissociation as well as in
the cell bodies of all older neurons tested. They were observed in broad
dilations near the cell body (Fig. 48a) in older, spread-out cells. They were
observed in regions of extensive neurite and growth cone formation (Fig.
48b,c). Fig. 48d shows an actively advancing growth cone approximately
370 pm from the cell body; SAK channels were recorded from both the cell
body and growth cone of this cell (Fig. 49ab). This growth cone (Fig. 48e)
and that in Fig. 48b,c approach the minimum size from which single-channel
recordings were successfully made. Patch recordings were not made on
lamellae or microspikes, but note that growth cone recordings were obtained
only a few micrometers from these structures (see Fig. 48b,c,e) where the

cell thickens slightly.
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Figure 49. Stretch increases the open probability of SAK channels from
the cell body and growth cone. a) Cell body and b) growth cone of
the neuron pictured in Fig. 48d. Bars indicate suction of ~-50 to -70
mm Hg, which was submaximal for this patch. V_ = 70 mV for both
patches.
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Growth cone SAK channel stretch-sensitivity

SAK channel openings generally occurred in bursts as illustrated in the
lower trace of Fig. 50. A typical response to suction is demonstrated in
the upper trace, where, on this time scale, individual channel openings
(outward current) appear as spikes.  During suction, with the increased
membrane tencion, the rate of opening and the probability of multiple open
channels (up to three chanmels in this case) increased. Upon release,
activity subsided to the pre-suction level.  Other channels recorded from
the growth cones displayed no stretch-activation under the range of
recording conditions (i.e. pressure and voltage excursions and various
salines) described here. We have, however, recently observed a low
conductance K* channel jnactivated by stretch (Morris and Sigurdson, 1989);
it occurs in growth cones as well as cell bodies.

The lower trace of Fig. 50 contains several low conductance events
that appear as small outward current shifts from the baseline. Such events
were routinely excluded from the quantitative analyses described below,

Fig. Sla shows single-channel recordings with no applied suction, as
well as suction sufficient to begin activating the channels. Such data were
used to construct the curve shown in Fig. 5ib. The open probability
increased steeply beyond a ‘"threshold" pressure. Thresholds in the range
~-50 to -100 mm Hg were observed for various patches. Usually P, curves
are expected to saturate at higher pressures when all channels are recruited
(see Sigurdson et al., 1987b), but in the example shown in Fig. 51b, the
membrane ruptured at -140 mm Hg. The index P, at this highest experi-
mental pressure is a reflection of the average channel activity seen over a

period of about 15 sec, but is deceptively low as an indicator of the
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number of SAK channels present. As many as eight channels (as opposed
to the average of 1.8) were open simultaneously at some points indicating
that at least 8 channels must have been present in this patch. In general,
patches from growth cones had similar SAK channel density to those from
cell bodies (~4-8 patch!; corresponding to a density of ~1-2 um? (see
Gubharay and Sachs, 1984; Sigurdson et al., 1987a).

The SAK channel of Lymnaea heart cells is insensitive to intracellular
Ca?* (Sigurdson et al, 1987a), as is the neuronal cell body SAK channel
(Sigurdson and Morris unpublished observation). Ca?* insensitivity of
growth cone SAK channels was confirmed using inside-out patches (50 mM
KCl saline in pipette) which contained both Ca®*-activated K* channels (Lux
et al, 1981) and SAK channels. When these patches were perfused with a
low Ca?t* solution (not shown) which silenced the Ca?*-activated K* chan-

nels, the SAK channels remained activatable by suction.
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Figure 50. Recordings of SAK channel activity, Upper trace, suction
(bar, ~-70 mm Hg) produces simultaneous activation of up to 3 channels.
C indicates the zero current (all channels closed) baseline, 0,-O,
indicate successive open levels. Lower trace, higher resolution record-
ing showing the bursty nature of SAK channel openings. Upper trace

filtered at 1 kHz; V,, = 30 mV; scale 5 pA and 2.5 sec. Lower trace, 2
kHz; V,, = 70 mV; scale 5 pA and 50 msec.
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Figure 51. Effect of pressure on SAK channel activity. a) Recordings
at indicated suction (mmHg) applied by the pressure transducer. Note
that channel open probability appears to increase by a reduction of
closed intervals, yielding more openings per unit time. V, = 70 mV.
Scale, 5 pA and 50 msec. b) Open probability data for the same patch
shown in a.
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More detailed kinetic analysis of the recordings used to generate Fig
51b was possible for 9, -100, -110 and -120 mm Hg. This allowed us to ask
which of the kinetic parameters contributes to the stretch-induced increase
in P, At all pressures, open time distributions were best fit to a sum of
two exponentials (Fig. 52), while closed times (histogram not shown) were
best fit to a sum of three exponentials (see Table 7). The number of open
and closed times and the values of their constants (mean dwell times) are
in good accord with those reported for Lymnaea heart SAK channels
(Sigurdson et al, 1987a). In principle, increased open times and/or
decreased closed times could be responsible for increased P,. A pronounced
effect of increasing temsion is the progressive decrease of the longest
closed time. This coincides with what has been observed for other stretch-
sensitive channels, where a between-bursts closed time is most affected by

stretch (Guharay and Sachs, 1984; Sigurdson et al., 1987a).



187

Figure 52 Open time histogram of growth cone SAK channels.
Superimposed on the histogram (for -100 mm Hg) are best fit curves for
a sum of 2 exponentials to the 0 mm Hg data (solid line; histogram not
shown; total number of events was 788) and to the -100 mm Hg data
(dashed line; total number of events was 1168). Error bounds for the
indicated open time constants are given in Table 7.
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Table 7. Kinetic analysis of growth cone SAK channels?

Open times Closed times®
Pressure Index T, T, T, Ty T3
(mmHg) P, {msec) (msec) (msec) (msec) (msec)

0 0.038 0.14+0.03 1.22+0.12 031005 1294032 572+85

(57.9)

100 0073 0.1740.02 1554009 0.18+0.02 146+0.12 372445
(40.6)
110 0203 - - - - (20.0)
120 0555 - - - - (6.8)

a Same patch as used for Fig. 50. N.B. Ratios of P.s relative to 0 mm Hg
are 1.92, 5.34 and 14.5 for -100, -110 and -120 mm Hg respectively.

b Beyond -100 mm Hg the records contained too many muitiple openings for
generating the histograms needed for curve fitting. Instead, an approxima-
tion to r, was obtained by averaging the closed (zero current) intervals
greater than 2 msec and subtracting this cutoff time from the average
(equation 50 in Colquhoun and Sigworth, 1983). Note that when both ap-
proaches are used where P, is low (0 and 100 mm Hg), the estimated
average (given in brackets) falls within the error bounds of the values

obtained by fitting,
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SAK I/V relations
I/V  relations of the stretch-sensitive channel in growth cones were
determined under near-physiological ionic conditions (cell-attached, NS in
pipette and bath) as well as with high K* saline (Fig. 53). For each
voltage, suction was applied to activate the channels and thus unambiguous-
ly distinguish the SAK channels from stretch-insensitive channels. With NS
in the pipette, the zero current potential for stretch-activated currents was
near the resting potential of the cell. With 50 mM KCl saline in the
pipette, the =zero current potential shifted approximately 50 mV to the
right, a shift that would be in accord with the altered K* equilibrium
potential. As expected for a K* selective channel, when excised patches
were exposed to symmetrical NS and suction was applied, no channe!
activity was observed. Conversely, excised patches exposed to 50 mM KCl
in the pipette with NS in the bath (symmetiical Cl, asymmetrical K+ and
Na*) demonstrated stretch activated inward current, but not outward
current. This is consistent with a channel permeable to K* and not to
Nat or Cl. Non-linearities in single K* channel I/V relations, such as
those seen in Fig. 53 (except for the nonlinearity at the foot of the NS
curve, which is predicted by electrodiffusion for a K* channel under
asymmetric K*), can generally be attributed to effects of voltage on ion
permeation through a multi-ion channel (Yellen, 1987; Yellen, 1984a) and to
apparent attenuation produced by high frequency flickering at large

polarization (Yellen, 1984b).
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Figure 53. I/V relations for growth cone SAK channels. Triangles, NS
in pipette; circles, 50 mM KCl saline in pipette. Each curve (lines fit
by eye) incorporates data from 4 patches; error bars are standard
errors and where not shown are contained within the symbols. The
steepest portions of the NS and 50 mM KCl curves correspond to slope
conductances of 44 pS and 80 pS respectively.
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Quinidine blocks SAK channels
The K* channel blocker, quinidine, blocks cell body SAK channels in a
dose-dependent manner (Sigurdson et al, 1987b); 1 mM produces a flickery
block (Yellen, 1984b), or in some cases, a full block of SAK channel
currents, For growth cone SAK channels, this concentration of quinidine

induced flickery block in 3 of 4 patches. The fourth patch was silent.

Discussion

It has been demonstrated that growing neurites, like fibroblastic cells,
experience varying degrees of tension associated with their motility (Bray,
1987; Letourneau et al, 1987; Dembo and Harris, 1981). Accordingly, some
models of neurite elongation and neurogenesis incorporate tension as a
regulatory element (Bray, 1984; Gordon and Brodland, 1987, Letourneau et
al, 1987; Bray and White, 1988; though see Goldberg and Burmeister, 1986,
1988). The model of growth cone generated tension influencing neurite
elongation appears to have been confirmed (Lamoureux et al, 1989). Yet in
spite of the clearly mechanical nature of neurite motility, no mechanism has
been identified by which tension could be sensed. Stretch-activated
channels would seem to be ideally suited for this role.

Although the mechanism by which stretch-sensitive channels transduce
membrane tension is still speculative, there is evidence that the channels
are tied into the underlying cortical cytoskeleton. In particular, Guharay
and Sachs (1984) showed that cytochalasin increased the stretch-sensitivity
of SA channels in skeletal muscle. Their interpretation (Sachs, 1988) was
that normally, actin filaments relieve tension on the membrane cytoskeletal

elements which directly apply tension to the channels. These unknown
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elements may involve spectrin/ankyrin; the density of Na* channels and
glutamate receptors has recently been shown to be controlled by anchorage
to these proteins (Siman et al, 1985; Srinivasan et al, 1988). For stretch-
activated channels, one could envisage that such connections were special-
ized to render the channels sensitive to membrane tension.

A question that was addressed by recording from growth cones was
whether newly-incorporated membrane would contain stretch-sensitive
channels. If the channel’s tension sensing elements were not in place, then
even if the channel were present, stretch would not activate it. Incor-
poration of plasmalemma by exocytosis is believed to take place in the main
body of the growth cone (Tosney and Wessells, 1983; Goldberg and Burmeis-
ter, 1986). Since SAK channels were found in all growth cones examined,
the simplest conclusion is that newly-incorporated membrane contains the
channel and its tension-sensing element(s) as an already-functional unit, or
at least in a state which allows rapid acquisition of full function.

If SAK channels play a role in regulation of neurite extension, the
membrane tensions exerted during growth cone movement should match the
range of tensions required for activation.  Traction forces produced by

fibroblast locomotion can exceed 103 dyn um! (Harris

et al, 1980), while
forces needed to move particles over the cell surface are much smaller
(108 dyn pm; Dembo and Harris, 1981). The experimental tensions
applied to the growth cone membrane in this study fall within this range
(6.7 x 104 dyn um? for -100 mm Hg in a typical patch, based on the
calculations of Guharay and Sachs, 1984), but it is not yet possible to
relate this tension to traction and/or other forces experienced by growth

cones.  Evidence that physiologically-relevant tensions affect stretch-sensi-
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tive channels comes from a recent report on teleost embryos (Medina and
Bregestovski, 1988), in which tensions generated during cytokinesis activate
SAK channels.

The potential role of any channel is constrained by its ion-selectivity;
K+ channels typically hyperpolarize, whereas (non-selective) cation or Na*
channels depolarize the membrane. The I/V relations show that the
growth cone stretch-activated channel is essentially identical to that in the
soma, namely, K* selective (Sigurdson et al, 1987b). Invertebrate (Zagotta
et al, 1988) and vertebrate SAK channels have been identified (Sackin,
1987, Ding et al, 1988; Medina and Bregestovski, 1988; Sackin, 1989), but
the most-studied vertebrate stretch-sensitive channel is a cation channel
which allows K*, Na* (Cooper et al, 1986; Sachs, 1987) and Ca’*
(Christensen, 1987; Kirber et al, 1988) to permeate. Activation of either
class of channel could profoundly affect local intracellular Ca** concentra-
tions (Lipscombe et al, 1988). The cation channels would act to increase
Ca?*, indirectly by depolarizing the membrane and directly by passing Ca**
ions.  Activation of K* channels, on the other hand, would stabilize the
membrane potential near Eg, thereby decreasing influx of Ca?* through its
voltage-gated channels.  Motile growth cones in Helisoma have recently
been shown to have higher free Ca?* levels than those which have stopped
growing (Cohan et al, 1987). This Ca?*-driven motility could employ
tension-sensitive K+ channels as a negative feedback mechanism.

In a recent summary scheme of "known and suspected pathways of
Ca?* regulation in the growth cone", Kater et al. (1988) feature a variety
of ion channels, SA channels can probably now be added to this scheme

under the heading ‘"suspected”. @ Much of the work which lead to the
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present picture of Ca?* regulation was done on Helisoma, a snail of the
same suborder (Basommatophora) as Lymnaea. Since SAK channels also
occur in neurons of a more distantly-related gastropod (Cepaea nemoralis,
from the same family as Helix in the Suborder Stylommatophora) (Bedard et
al, 1988), there is some justification in presuming that the stretch-act-
ivated channels are widely distributed in pulmonate snails. It would be
surprising if they were not found in Helisoma neurons.

The presence of mechano-sensitive integral membrane proteins in the
growth cone (see also Morris and Sigurdson, 1989) raises the possibility that
additional (perhaps electrically-silent) proteins might likewise possess
mechanotransduction machinery, giving them access to information about
growth cone motility which could help them govern the pace and/or direc-

tion of neurite elongation.
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Chapter _7: Stretch-inactivated _ion _channels coexist with stretch-activated

ion channels

Introduction

Stretch-activated (SA) channels have been studied in diverse cell types
including animal, plant, bacterial and fungal cells where the channels are
implicated in mechanotransduction and osmoregulation (Guharay and Sachs,
1984; Sachs, 1986; Christensen, 1987; Falke gt al, 1987; Gustin et al, 1987,
Kullberg, 1987; Martinac et al., 1987; Sigurdson et al., 1987; Kirber et al,
1988; Sachs, 1988; Stockbridge and French, 1988).  Although there are
numercus examples of ion channels activated by mechanical means, this may
not be the only form of mechanically induced gating possible. A new class
of channel is described here; it is stretch-inactivated (SI). The channel
occurs in neurons, where it coexists with SAK channels. The SI channel
(or SIK channel) is K* selective and has a different stretch sensitivity than
the SAK. This may have implications regarding control of membrane

potential in response to membrane tension and the resulting effect on

voltage-dependent channels.

Materials and Methods

Lymnaea stagnalis mueurons were isolated from circumoesophageal
ganglia (45 min in 0.25% protease), plated on glass coverslips, and used for
up to 4 days post-dissociation. Cells were maintained in NS (50 mM NaC],
1.6 mM KCl, 35 mM CaCl,, 2 mM MgCl,, 5 mM Hepes, pH 7.6) supple-
mented with 5 mM glucose, 50 i.u. mi! penicillin, and 50 pg ml! strep-
tomycin. All recordings were made on cells bathed in this solution

(exception noted in legend of Fig. 56) at room temperature. Patch clamp
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recordings of single channel activity were made with standard cell-attached
gigaseal techniques (Hamill et al, 1981); pipettes were made from Corning
7052 glass. Suction, applied through a port in the microelectrode holder,
was measured and controlled with a Bio-tek transducer. Cell body mem-
brane potentials are calculated on the assumption of V., = -50 mV (from
intracellular recordings, V., = -51+1.9mV (SEM), n=32).

For kinetic analysis, data were filtered at 2.5 kHz and digitized at
20 kHz. Point by point amplitude histograms (Fig. 55) were constructed
from data filtered at 1 kHz and sampled at 10 kHz. Open probabilities
(P,) were obtained from time- or current-averaged single-channel records

filtered at 1 or 2.5 kHz and digitized at 10 or 20 kHz.

Results and Discussion

In snail neurons, under conditions used previously to study SAK
channels (Sigurdson et al, 1987b; Sigurdson and Morris, 1989), some mem-
brane patches were observed in which suction through the recording pipette
not only activated the ubiquitous SA channels, but simultaneously inhibited
a class of lower conductance, spontaneously-active channels (Fig. 54). In a
single channel recording where SA channel activity was abolished by
quinidine, spontaneous currents (multiples of ,1 pA) were evident in the
absence of external membrane tension and were abolished by suction (Fig.

54a). By contrast, more typical patches of membrane did not exhibit
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Figure 54. Currents inhibited and activated by membrane stretch
coexist. a) Activity of SI channels in a cell body patch abolished by
application of ,-40 mmHg. Normal saline (NS) plus 1 mM quinidine

(Brezden et al,, 1986) in pipette; membrane potential, V,, = +70 mV. b)
SA channel activity stimulated by -40 mmHg. NS in pipette; V, =
+70 mV. Sustained responses in (A) and (B) were typical; note different
amplitude calibration,  ¢) SA channel (arrowhead) and SI channel
activity in the same patch, -70 mmHg, NS in pipette, V,= +70 mV. d)
Higher resolution trace of SA channel and SI channel events from a
growth cone, 0 mmHg, 50 mM K+ in pipette, patch V, = Vo +
mV (the resting potential, V., was unknown for growth cones). e)
SI and SA channels in a growth cone patch.  Suction (mmHg) is
indicated adjacent to each segment of record; at the arrowheads,
suction was abruptly released. Note that between about -20 and -50
mmHg, neither channel type was active. 50 mM K* saline in the
pipette; patch held at V. Calibration: (a) 1 pA, 2 5; (b) 4 pA, 2

s; (¢) 2 pA, 15 (d) 2 pA, 40 ms; (e) 4 pA, 2 5. Traces (a), (b), (d)
and (e) filtered at 1 kHz, (c) at 500 Hz. Solid bars below traces (here
and in Fig. 56) indicate suction.

120
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stretch-inactivated (SI) currents but were nearly quiescent until stretch
evoked SA channel activity (Fig. 54b). It is possible that even with the
pipette tip tension nominally at zero, there was often sufficient residual
suction (from capillarity) to inactivate the SI channels. This would explain
why it was sometimes possible to stimulate activity by applying 3 to 5
mmHg of positive pressure; this activity subsided with further positive pres-
sure, as expected for a SI channel (see Fig. 57, left). SI channels were
however, observed in 13 out of 219 patches made on cell bodies with
pipettes made from small bore {(outside diameter, 1.65 mm; inside diameter,
0.85 mm) tubing. When such pipettes were used on growth cones, SI
channel activity was not observed (15 patches), but with wider bore pipettes
(outside diameter, 1.65 mm; inside diameter, 1.15 mm), 3 of 11 successfully-
patched growth cones exhibited SI channels. This frequency of occurrence
represents a minimuwm; it is likely that patches were discarded as being
merely “noisy" when in fact they were displaying multiple spontaneously-
active SI channels. On two cells in which SI channels were noted, second
and third patches were obtained. All showed SI and SA currents, indica-
tive, for these cells at least, of a homogeneous channel distribution.

The occurrence of SI and SA currents together (Figs. 1 ¢, d and e) in
a single patch from cell bodies or growth cones demonstrates that distinet
populations of channels with reciprocal responses to mechanical tension can
coexist within a membrane area of several square micrometers.

To exclude the possibility that suction inhibits channel activity not
because of increased membrane tension but because the channel-bearing
membrane is drawn against the inner wall of the pipette, amplitude histo-

grams were examined for the presence of attenuated events. Under condi-
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tions where suction sharply decreased the open probability (P,) for SI
channels, the distribution of single channel amplitudes was unchanged (Fig.
55).  Calcium-related artifacts (for example, Ca?*-inactivation induced by
inward leak of calcium) are ruled out by the observation of SI events in
Ca?*-free conditions (Fig. 56). Even with such artifacts eliminated, do
membranes in fact encounter tensions comparable to those applied through
the patch pipette? Probably they do; for a semipermeable membrane, a
mere 1 mOsm equals 18 mmHg. Moreover, at the advancing tip of crawling
cells, motility generates forces ranging from 10 to 10® dyn/um (Harris et
al, 1980; Dembo and Harris, 1981), so that experimental tensions [on the
order of 10° to 10* dyn/um for -10 mmHg in a typical patch (Guharay
and Sachs, 1984) are not excessive.

For the SI channel, as for the SA channel (Sigurdson et al., 1987b),
analysis of single-channel current voltage relations indicates that K* is the
physiologically permeant species. With normal saline (NS) in the pipette
(Fig. 56), the zero-current potential for the SI channel was near the resting
potential and, as expected for a channel with negligible Na* and intracel-
lular anion permeability, the channel did not pass inward current. When
Na* was replaced with K+ (making no Cl- changes), inward SI currents were
seen at rest (three patches) and the reversal potential (V) shifted to ,0
mV, The current voltage relations of a ClI' channel would not be altered
by this cétion substitution. Since inward and outward SI currents were seen
with thallium acetate (TIAc) in the pipette (Fig. 56), the possibility that the
SI channel is anion-selective is ruled out unless extracellular TlAc inex-
plicably induces permeability to intracellular anions. SI currents were also

observed with 50 mM RbCI in the pipette; as with K* and TI+, V_, shifted
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in the depolarizing direction (to -12 mV), with 05 pA SI inward <b*
currents at the resting membrane potential (V) and outward K* currents
at positive potentials. These permeation characteristics (that is, substantial
conductance for TI* followed by K* and Rb*, and sparing or zero per-
meability to Na* and anions) are consistent with properties shown for other
highly K+ selective channels (Yellen, 1987) including Zymnaea SA channels
(Sigurdson et al, 1987b). Recently, SA channels with similar permeation
properties have been described in vertebrate cells (Sackin, 1987; Medina and

Bregestovski, 1988; Sackin, 1989).



Figure 55. Suction does not affect elementary SI channel current
amplitude. a) Patch in which multiple openings were rare (same as
Table 8); histogram (constructed from events used in kinetic analyses)
for 0 mmHg is shown, Overlying lines are Gaussian fits to this data
and to histograms (not shown) for four other pressures. Suction did
not decrease the mean amplitude and tests for skewness and kurtosis
indicated no deviations from Gaussian distributions. b) Patch in which
multiple openings were the norm (same as Figd4, cell body); family of
amplitude histograms for six pressures ranging from 0 to -30 mmHg
show that both within a given histogram and from one pressure to the
next, amplitude peaks occur at multiples of 0.6 pA.
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Figure 56. SI channel current voltage relations. Open circles, NS in
the pipette; conductance, 6.6 pS (linear regression to all points), zero-
current intercept, -66 mV. Solid circles, 50 mM thallium acetate (TlAc)
in the pipette, 50 mM KCl in bath, both solutions Ca?*-free (22 mM
EGTA in bath only) and buffered w:.: Yepes (5 mM), V_, assumed to
be 0 mV. Slopes (fit by eye) of uncar portions are 38 pS (lower
quadrant) and 5.6 pS (upper quadrant), V,, = +7 mV. Note that the
outward current conductances with NS and TlAc in the pipette are
similar, suggesting that intracellular K*+ carries the current in both
cases. Inset) Stretch-inactivation (,40 mmHg) of outward and inward

currents (TlAc experiment), and (bottom), at higher time resolution, a
record from the NS experiment, V, as indicated. Cell body patches for

both experiments. Calibration: 2 pA, 4 s (top traces), 40 ms (bottom
trace).
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On three cell body patches (different cells), P, was measured for Sl
channels at four or more pressures. In each case, P, decreased to 50% or
less (compared to 0 mmHg) by -15 mmHg. By contrast, SA channel
activation in Lymnaea neurons seldom attained a half maximal level before
30 mmHg. Fig. 57 quantifies the stretch sensitivity of SI and SA channels
in a cell body patch and in two growth cone patches. The "notch-filter"
appearance of the paired curves (that is, SI/SA activity from the same
patch) of Fig. 57 is particularly noteworthy, because it shows how inter-
mediate tensions minimize K* permeability, thereby maximizing the like-
lihood of membrane excitation and the attendant entry of Ca?* through
voltage-gated Ca?* channels. Given the central role of Ca?* in the control
of exocytosis, of cytoskeletal structure, and of growth cone motility (Cohan
et al, 1987; Augustine et al, 1988; Kater et gl, 1988), membrane tension
effects on SI and SA channel activity could have important
feedback consequences for local motility and for morphology. It is plausible
that reduced adhesion to the substrate would activate SI channels, whereas
excessively rapid growth or abutment against a surface would recruit SA
channels. A widespread utilization of mechanosensitive K* channels in
morphogenesis is suggested by the finding that SA K* channels are act-
ivated cyclically in dividing vertebrate embryonic cells (Medina and
Bregestovski, 1988).

Stretch-dependent decreases in the SI channel P, could stem either
from stretch-induced increases in the rate of leaving an open state
(yielding briefer open sojourns) or from decreases in the rate of leaving a
closed state (longer closed sojourns). Open time histograms for S1 events

could be fit with a single exponential whereas multiple exponentials were
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required for the closed times, the longest of which could be ascribed to a
between-bursts state. Table 8 provides evidence that the channel open time
is insensitive to membrane tension. In contrast, the long closed time
'ongthens with increasing stretch as P, declines. Interestingly, SA K*
channels (Sigurdson et al, 1987a) and other stretch-activated channels
(Guharay and Sachs, 1984; Lansman gt al, 1987) conform to this same basic
pattern: stretch acts on the between-bursts closed time, without substan-
tially altering either open times or brief closed times. In stretch sensitive
channels, therefore, slow mechanical transduction processes and fast kinetic
processes may represent modes of gating arising from spatially distinct
regions of the channel.

Several additional observations on SI channels are worth noting. The
maximum number of SI channels in any patch was ten and the minimum in
patches which exhibited SI events was two, a range corresponding to that
for SA channels in Lymnaea neurons. (Density per patch is obtained trom
the maximum number of stretch sensitive elementary amplitudes, as seen in
Fig. 55b). SI channels, like SA channels, showed no obvious voltage
dependence; spontaneous SI channel activity at Vi, was evident with K*,
Ti+, or Rb* in the pipette and no inactivation occurred with depolarization.
Normal-looking SI events were observed with both 10 mM tetraethylam-
monium and 1 mM quinidine (for example, Fig. 54a) in the pipette. The
phenomenon of channel inactivation by stretch is not unique to this
preparation; SI channels have recently been observed in mammalian astro-

cytes (C. Bowman, per. comm.).



Figure 57. SI and SA channels coexist in patches from cell body and
growth cone. Ordinate, P, normalized to the maximum value for each
type of channel in each patch; solid symbols refer to SI channels, open
symbols to SA channels. Circles represent paired curves for a cell
body patch (same patch as Fig. 54c), diamonds, paired curves for a
growth cone patch. Triangles, as explained in text, represent growth
cone SI channels with activity that was suppressed by the residual
pipette suction {10 mmHg); note inactivity at nominally zero and
negative pressures. Circles, NS in pipette, V,, = +70 mV. Diamonds, 50
mM K* in pipette, patch at V.. (Same patch as Fig. 54c). Tri-
angles, 50 mM K* in pipette, patch V, = V- 60 mV.
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Table 8. Kinetics for SI channels at three pressures. Time constants!
(Topen and 7Tg..,) obtained from a cell body patch in which the SI
channel activity was appropriate for kinetic analysis over a range of
pressures including 0 mmHg.

Pressure  Relative Topen T ased
(mmHg) P.? (ms) (ms)
0 1 0.85 + 0.07 109
(0.87)
-15 0.16 1.12 + 0.29 294
(0.87)
-30 0.068 0.75 + 0.23 559
(0.85)

! Insufficient events precluded multiexponential fits to the closed-time data
in this patch, so measurements are restricted to closed times which should
belong to the slowest component. NS plus 1 mM quinidine in pipette,
Vo = +90mV.

2 P, relative to value at 0 mmHg, which was 0.024.

3 Given both as inverse rate constant (+ sem, the error associated with the

fit) to a single exponential fit (events >

(.1 ms) and (in brackets) as a
maximum likelihood estimate (that is, average open time minus cutoff time
of 0.1 ms ; see Equation 50, (Colquhoun and Sigworth, 1983).

4 Average closed time minus cutoff time of 5 ms (Colquhoun aud Sigworth,

1983).
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A number of properties shared by the two stretch sensitive channels
(the parallel kinetic effects of stretch on a between-bursts closed state in
both, the similarities in membrane densities, the concurrent changes of Sl
and SA activity in a given patch) are consistent with the possibility that
the channels are linked to a common transduction mechanism. A good
candidate is the submembranous filament network proposed by Sachs (Sachs,
1986; Sachs, 1988;). The discovery of a SI channel in parallel with the SA
channel also raises the interesting prospect that yet other integral mem-
brane proteins - ones implicated in cell motility, cell compliance or osmo-
regulation, but whose "outputs”" are not necessarily measurable with a patch

clamp (carriers, enzymes) - might also be influenced by membrane tension.



Summary and General Conclusions

Mechano-sensitive ion channels have been identified and characterized
in the isolated cells of a freshwater snail (Lymnaea stagnalis). In ventricu-
lar cells the stretch-sensitivity and kinetic properties of a K% selective
channel are described. In neurons isolated from the circumoesophageal
ganglia, a similar channel was found and subsequently examined in greater
detail with respect to permeation properties, stretch-sensitivity, kinetics,
spatial distribution and physiological function.

In neuron cell bodies, under physiological conditions, the stretch-
activated K* (SAK) channel has a 30 pS conductance and passes only
outward K* current (no inward Na* current). Raising extracellufar K*
concentration caused a positive shift in the reversal potential of cur-
rent/voltage (I/V) relations, indicative of K+-selective channel.  This is
comparable to the results reported by Brezden et al, (1986) for Lymnaea
heart SAK channels (see Table 9). Biionic I/V relations established that K*
is at least 10 times more permeable than Na* and that the channel has a
selectivity sequence not unlike other K* selective channels [T1* (1.61) > K*
(1) > Rb* (0.49) > Na* (0.154) > Li* (0.027)]. Absolute K* permeability for
the channel was 49 x 103 c¢cm s, a value comparable to Ca?*-activated
K* channels. Current/voltage curve non-linearities and dsviations from the
Goldman-Hodgkin-Katz current equation demonstrated that the channels do
not follow the independence assumption; i.e. the channel permeation
mechanism is complex, implying a multi-ion permeation pathway.  This
should not be surprising in light of the fact that essentially all ion
channels appear to be multi-ion channels; i.e. more than one ion can occupy

the permeation pathway at once.
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As shown by Brezden et al. (1986) heart SAK channels are blocked by
quinidine. This observation was extended to neuron SAK channels where
significant blockade was observed with 0.1 and 1 mM quinidine and 10 and
20 mM tetraethylammonium (TEA). Quinidine produced an intermediate type
of block, typified by an increase channel flicker. TEA block was much
faster; block appeared only as a amplitude reduction with no appreciable
effect on channel kinetics.  Both drugs displayed voltage-dependence of
block, with the TEA binding site located between 24 to 32 % across the
voltage field.  Extracellularly applied Ba* (100 mM) did not block or
permeate neuron SAK channels.

Given the absence of specific SAK channel blockers (both quinidine
and TEA block other K* channels), a physiological role for SAK channels
was (and still is) difficult to establish. Correlative evidence was obtained
in an attempt to determine if SAK channel activation during hyposmotic
shock induced cell-swelling, could act as a volume-limiting mechanism.
Neuron cell bodies and heart cells were very resistant to severe hyposmotic
shock (30% dilution) and were capable of resuming "normal" development (in
culture) after such shocks. Intracellular recordings indicated cell membrane
hyperpolarization during hyposmotic shock. In 35% of patches, cell-swelling
was correlated with increased SAK channel activity,  Although not con-
clusive, these results are consistent with SAK channel activation playing a
role in cell volume limitation during hyposmotic shock.

Stretch-sensitivity and kinetics of SAK channels was studied in heart
and neuron cell bodies and in somewhat less detail in growth cones. In
both cell types, stretch-sensitivity was variable; the "threshold" pressure for

patches encompassed a range of 20 to 70 mmHg suction. This may be the
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result of membrane slack; i.e. infoldings which must first be unfolded before
the membrane tension reaches levels sufficient for channel activation. SAK
channel kinetics were somewhat similar in heart and neurons; heart SAK
channels possessed at least 2 open and 3 closed states, while the neuron
channels were best described as having at least 2 open and 4 closed states
(based on curve fits of sums of exponentials to dura!’:n frequency histo-
grams) (see Table 9). In both cell types, the changes in open probability
(P,) as a function of pressure, were related to the decrease in the average
closed time separating bursts of openings rather than by increasing the
duration of openings. This was observed, whether by determining mean
dwell times by extraction of rate constants from frequency histograms or by
analysis of burst duration and interburst closed intervals,

SAK channel spatial distribution within neurons was examined by
recording from growth cones from actively extending neurite processes.
These SAK channels did not differ dramatically from the cell body channels,
having similar selectivity, stretch-sensitivity and kinetics.  Since freshly
isolated neuron cell bodies have been stripped of dendritic and axonal
structures, the presence of SAK channels in newly developed growth cones
(> 100 pm from cell body) indicated the channels had been newly syn-
thesized (at least since isolation).

During recordings of SAK channels in neuron cell bodies and growth
cones, a new class of mechano-sensitive channel was discovered having an
opposite gating property and differing stretch-sensitivity than the SAK
channel. This channel had only one-fifth the SAK channel conductance, but
had a similar selectivity (T1*>K*>Rb*>Na*). In response to increased

membrane tension, the stretch-inactivated K* (SIK) channel decreased its P,
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and did so at pressures lower than those required to activate SAK channels.
This P, decrease was associated with an increase in the estimate of the
mean long closed time, an analogous, but opposite result obtained for the
SAK channel. The SIK channel stretch-sensitivity properties in combination
with coexisting SAK channels, resulted in P, vs pressure curves (for the
two channels) resembling those of a "notch filter"; ie. for certain inter-
mediate membrane tensions, membrane K* permeability should be minimized.
It is postulated that voltage-dependent Ca?* channels present in the growth
cone cell membrane would be activated at these pressures resulting in
increased intracellular Ca?*. Given the central role of Ca?* in the control
of exocytosis, of cytoskeletal structure, and of growth cone motility SIK
and SAK channel activity could have important feedback consequences for
local motility and for morphology.

We still know very little about how mechano-sensitive ion channels
operate, We are beginning to establish that these channels can have a wide
variety of permeation and conduction characteristics which gives the
impression that the stimulus for gating the channel has little to do with
what the channel conducts. This is quite surprising because a mechanical
perturbation might be expected to distort the channel’s permeation pathway
producing streich-dependent permeation properties. This gives a clue to the
protein structure; the permeation pathway must be quite stiff to avoid being
influenced by the membrane tension. Another surprising observation is that
there is only one significantly stretch-dependent rate constant in SACat,
SAK and SIK channels. This implies a similar transduction and gating
mechanism and also says that the protein must be very rigid in the other

closed and open states. The small changes in the neuron SAK channel 7,
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and rp, are simply not large enough to account for the P, changes
observed and may be a sign that the SAK channel protein is not quite as
stiff in the open conformation as the SACat channels.

Functionally, SAK and SIK channels can only signal changes in
membrane teasion by passing K* ions. Under physiological conditions this
means passing outward K* current causing a membrane hyperpolarization or
merely inducing increased K* conductance when the resting potential is at
Ey thereby stabilizing V., against voltage shifts.  Although the heart
cells were not described as having SIK channels, another look is probably
in order. When dealing with very small conductance channels such as
these, experience plays a large role in knowing what is noise and what is
bona fide channel activity, The heart experiments were performed during
the early phases of this work, so SIK channels were likely overlooked. The
occurrence of two ion channels of the opposite and differing mechano-
sensitivity within the same membrane immediately leads one to speculate on
channel function.  The possibility that neuron growth cones modulate
membrane potential in a tension dependent manner via the interaction of
SAK and SIK channels is seductive, but unproven. A role for SAK channels
in volume regulation is supported by correlative data, but also awaits direct
demonstration. In a mechanically active organ such as the heart, SAK
channels could have a number of functions, ranging from negative feedback
during ventricular overfilling (overfilling would hyperpolarize cells causing
relaxation) to control over beat frequency (setting pacemaker potentials).
None of these ideas have been examined in the context of SA channels in
snail or vertebrate heart cells. As far as a physiological role for Lymnaea

mechano-sensitive channels, all that can be said for certain, is that cells
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which are not normally thought of as mechano-sensory structures have ion
channels capable of transducing membrane tensions. Demonstration of a
functional role for mechano-sensitive ion channels must await a pharma-
cological agent capable of blocking or disabling the channel’s stretch-
sensitivity.

Is the mechano-sensitivity of Lymnaea SAK and SIK channels arti-
factual? First, it must be established that the membrane tensions required
to activate these channels are realistic, physiological ones. 10 mmHg
represents 10* dyn/um (Guharay and Sachs, 1984) which is easily within
range of tensions cell membranes experience during motility (10 to 103
dyn/um; Harris et al, 1980; Dembo and Harris, 1981). These are reasonable
values, given the uncertainty of the membrane tension, and indicate that
the channels do not require outlandish amounts of mechanical energy for
gating. Possible activation by chemical agonists and second messengers can
only be ruled out for the case of Ca?* which has been shown to be
ineffectual.

If the Sachs model of transduction is correct, I expect that the
membrane cytoskeleton will be closely associated with mechano-sensitive
channels. The homogeneous distribution of SAK and SIK channels already
gives hints of this; i.e. the channels are evenly spaced by virtue of their
cytoskeletal attachments. A legitimate concern is that this association, by
accident of design, results in mechano-sensitive channels which really have
other undisclosed gating properties and functions. There presently is no
way of discerning this possibility, which would involve disrupting the
channel’s mechano-sensitivity and determining what physiological function

was no longer operating A more straightforward method is to simply block
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these channels, but again we come up against the major stumbling block of
this research, the lack of specific pharmacological agents. We therefore
must wait for ingenious experimentation and perhaps a litile serendipity
before we can positively link mechano-sensitive ion channels with specific

physiological functions.
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Table 9. Comparison of properties of Lymnaea neuron and heart SAK
channels.

Property Neuron Heart
Conductance (physiological saline) 30pS 33 pS
Selectivity (Pp,/Px) 0.083 0.063
Selectivity Sequence Ti*>K*>Rb*>Nat-Lit K*+>Nat
Channel block by externally
applied agents
Quinidine (1 mM) yes yes
TEA (10 and 20 mM) yes no
4-aminopyridine ? no
apamin ? no
cetedil ? no
Cst no
Ba* no ?
Kinetics
# of open states 2 2
# of closed states 4 3
Mean dwell times (ms)
Tot 0.15 + 0.08 0.21
T02 8§ 2.5
Ter 0.06 + 0.032 0.13
Te 0.46 + 0.16 0.69
T 1.82 4 0.57 SS
Tea SS -
Tgy <03 0.07
Te SS 4.2
TIB 5SS SS
Suction required to reach
threshold activation (mmHg) -30to -70 -Sto-15

* Stretch sensitive
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Appendix 1 ndence of stretch-sensitivity on SA channel densi

As described by Guharay and Sachs (1984) and Sachs (1988) the
effective SA channel radius must be greater than any "reasonably” sized
protein. This implies that cytoskeletal structures link the channels into a
tension sensing network. The effective channel radius will determine
channel density (D), total channel number (N) and therefore the magnitude
of the whole cell current (I) (equation Al.l; equations 9-12 have been

reproduced here for ease of reference).
= gNP,V,, (AL1)
Channel open probability (P,) is given by,
P, = 1/(1 + Kexp(-oP?) (Al12)
where 6 is the channel’s stretch sensitivity parameter as defined by

dzA
e it

S (A13)
32K, kT

and k is the Boltzmann constant, T is absolute temperature, d is patch
diameter (um), A is channel area (A), P is pressure (cmHg) and K., is the
ratio of opening and closing rates at zero tension for a simple two state

system (Cooper et al,, 1986). Equation A1.3 reduces to

1.73 x 1032 (AL4)
a8 = Al.
K, '




when the d is 2 um. e is therefore dependent on channel radius and area
elasticity, K,. For any given operating tension and channel K,, there will
an optimum D; high tensions allow greater densities while stiff channels
(high K,’s) require lower densities {effective radius must be larger in order
to gather more mechanical energy).

Density optima (in terms of whole cell current calculated from
equations Al.l and Al.2) may be derived analytically (see Sachs, 1988) or,
as 1 have done here (Fig. Al), graphically presented for a range of D’s
(from channel radii) at one tension. These curves (Fig. Al) implicitly show
that stretch-sensitivity (@) varies with D and in turn with K,. Reasonable
estimates of protein area elasticities (K, = 10,000 dyn/cm) show optimal

channel densities of 1 to 10 pm2,
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Figure Al. Maximum patch current is dependent on channel density.
Curves were generated for a range of effective channel radii (from 100
to ~30,000 A) giving a range of channel densities of <0.03 to >3,000
pm-2, Stretch-sensitivity was calculated for each channel radius
assuming a patch diameter of 2 pm and a temperature of 20°C (equation
Al3 and Al4). © was then used to calculate P, (equation Al12) at an
arbitrary pressure (2 cmHg, K, = 1000). Whole patch current was then
determined using equation All (V, = 20 mV). When four such curves
are plotted, each differing only by the value of K, (ranging from 500
dyn/em to 50,000 dyn/cm), it is clearly shown that a maximum current
occurs at specific D’s. As the channels are "made" stiffer, the optimum
D decreases; soft channels (K, = 500 dyn/cm) allow greater densities.
Because D’s were not constrained, ie. some densities were calculated
that produced a total area (total channel number x channel radius)
which could exceed the membrane area, a secondary current increase
occurs at high densities.
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Appendix 2. Voltage-dependent block

Woodhull (1973) proposed a simple mechanism to explain voltage-
dependent block of ion channels with charged blockers. The model is based
on several assumptions of which the most pertinent are: 1) There is a
single blocking site within or near the ion channel’s permeation pathway,
that when occupied by the blocker, prevents passage the “"normal’ ionic
species, i.e., there will be no current flow; 2) The blocker has negligible
channel permeability, i.e., it does not pass through the channel; 3) The
blocker binding site may reside within the electric field across the mem-
brane which will cause the binding and unbinding rates to be exponential
functions of the electric field felt at that site.

This would mean that an externally applied, positively charged blocker
will block less effectively when the membrane potential is made more
positive (in cell-attached patches this is done by making the patch pipette
more negative relative the inside of the cell). The degree of voltage-
dependency is dependent on where the binding site is located with respect
to the electric field across the membrane, ie. the fraction of the voltage
field the blocker "sees" when at the binding site. The fractional electrical
distance, &, will be unity when the blocker experiences the entire voltage
field or will be zero if the binding site is not within the electric field.

Coronado and Miller (1979) and Yellen (1984a) employed the following
function (after Woodhull, 1973) to describe the fractional decrease in

current in terms of the zero-voltage dissociation constant (K,(0)) and é.
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io
i= (A2.1)
1+ [B)]/K;(0)exp(zFéV/RT)

which, rearranged and linearized gives

(B] F&V
In(i/i - 1) = 1n + (A2.2)
Ks(0) RT

where i, is the unblocked single-channel current, i the blocked current, [B]

blocker concentration, V the voltage, z the blocker valence and F, R and T
have their usual meanings. A linear regression plot of In(i/i -~ 1) s
voltage gives the slope as 6 and the y-intercept which yields K (0) (where
Ky(0) = [B)/exp(y-intercept). Alternatively, equation Al may be fit to the
data using a non-linear curve-fitting routine which extracts estimates of §
and K,(0) directly. The form of equation Al dictates that for positively
charged blockers, & will be negative when the blocker is present on the
extracellular (outside) side of the membrane. Conversely, § will be positive
if the blocker were negatively charged or positively charged and on the
intracellular (inside) side.

Examples of the expected voltage-dependency of block can easily be
obtained by generating I/V curves (using the GHK current equation to
produce i) and calculating i from equation Al for different &’s and K,(0)’s.
Fig. A2 gives 4 examples of I/V relations created in this way. In all
examples the blocker is assumed to be positively charged unless otherwise
indicated. The first 3 figures (Fig. A2 ab,c) demonstrate the effects of
changing both the sign and magnitude of & (with constant K4(0) and [B])
under hypothetical symmetrical (Fig. A2a) and asymmetrical ionic conditions
(Fig. A2b,c); the latter are comparable to the cell-attached, NS in pipette
conditions used to study the effects of quinidine and TEA on SAK channels,
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As shown in Fig. A2a, when the blocker is positively charged and is on the
external side of the membrane, the blocked current becomes almost
equivalent to the unblocked current at positive membrane potentials (§ =
-0.5), but is greatly accentuated at negative potentials. When blocker is on
the internal side (§ = 0.5) the converse is true. In Fig. A2b, under
conditions of outward current rectification, block voltage-dependency is
seen at large positive potentials where block is attenuated (6 = -05). If
the blocker were negatively charged or on the inside (§ = 0.5), block is
accentuated.  Fig. A2c shows too extremes of the degree of voltage-
dependent block, i.e. when § is near -1 (-0.99) or near zero (-0.01).

In Fig. A2d, values for § and K,0) extracted from TEA voltage-
dependent block of SAK channels were used for the calculation of i (i, was
calculated as in Figs. A2b and c¢). The similarity of the shape of these
curves (those with & negative, circles and triangles) with those of the real
TEA data (see Fig. 22a) lends some confidence to my conclusion that SAK
channel block by external TEA is voltage dependent, with the binding site
between 022 and 031 into the electric field and a K (0) of about 20 mM.
It does not appear that TEA, which is positively charged, permeates the
channel or membrane and blocks from the inside, since curves for positive

&’s (pluses and crosses) are unlike those for the real data.
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Figure A2, Calculated I/V relations demonstrating the effects of
voltage-dependent block. a) i, current (solid line in this and b, ¢ and
d) calculated from GHK current equation using Py = 4.9 x 10 cm s
and [K], and [K];, = 50 mM. Blocked current, i, calculated from
equation Al using § equal to -0.5 (circles) and 0.5 (triangles), Ky 0) = 2
mM and {B] = 1 mM. b) I/V curves generated as in a, except that
[Kl, = 1.6 mM. I, outward rectification is more symbolic of the data
obtained in cell-attached recording conditions used in during the
quinidine and TEA experiments described in Chapter 3. ¢) Comparison
of the calculated blocked current obtained with strong (6§ = -0.99) and
weak voltage-dependence (§ = -0.01). I, calculated as in b. d) When
values for § and K (0) obtained from TEA block I/V curves (Chapter 3)
are inserted in equation Al (circles, [B] = 10 mM, Ky 0) = 25 mM, § =
-0.24; triangles, [B] = 20 mM, Ky(0) = 16 mM, § = -0.32), the resulting
I/V curves are quite similar in shape to I/V curves constructed from
the real data (current magnitudes are not the same). Reversal of &’s
sign (pluses and crosses, § = (.24 and 032 respectively) produces curves

quite unlike those of the real data (compare with Fig. 22a in Chapter
3).
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Appendix 3. Selection of models for h_cone sha
Calculations of whole-cell current flux are dependent not only channel,
membrane and solution properties, but also on the shape and size of the
cell. The number of channels in a cell is dependent on channel density and
total membrane area, which is in turn related to cell shape and size, since
scaling of surface to volume ratios (S:V) depend on the geometric model
used to simulate the cell. For neuron cell bodies, a sphere appears to be a
good approximation.  Growth cones, on the other hand, are more like
cylinders, but are not completely circular in cross section (see Chapter 5).
A half-cylinder (split length-wise) is a better approximation of growth cone
shape.
How do the choices of cell-shape affect the calculations of K* efflux
made in Chapter 3?  Recall that the area of a sphere is
A, = 4mr?
and the volume
V, = 47133
For cylinders (including both ends)
A = 271l + 2712
and volume
V =nri
For a half-cylinder, area is
A, = mrl + wr¥2 + 21l
and volume
V. = 7r4/2
For a sphere, area scales with volume as

A, =3V /r
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whereas the area of a half-cylinder scales with volume as
A, =2Vt + VJ1 + 21l
where r is radius and | cylinder length. For spheres, a 10 fold increase in
radius results in a 10 fold decrease in the S:V ratio; in half-cylinders this
is a 7 fold decrease.

Growth cones have diameters of about 10 pm. The area which is
known to contain SAK channels (see Chapter 5) extends back at least 10
um from the growth cone tip, so that an estimate of a 10 pm growth cone
length is reasonable. Volumes and areas for these dimensions for spheres
and half-cylinders are 0.52 pl, 314 um? and 04 pl, 296 pwm? respectively
(S:V ratios of 604 and 740 respectively). This means that the sphere model
underestimates the amount of membrane area, the number of channels and
therefore the potential *acrease in K* conductance. When K* loss/second is
calculated for the two models, the half-cylinder looses 4% of its K* and the
sphere 3.2%.





