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Abstract (250 words) 

In the ever-beating myocardium, the voltage sensors and pore-gating structures of 

voltage-gated channels (VGCs) ceaselessly pack and repack. In each VGC, four peripherally-

arrayed sensors interact extensively with the sarcolemma’s diverse specially-structured bilayers. 

Their motions, not surprisingly, are mechanosensitive (MS) -- tuned by the bilayer’s mechanical 

state. Structurally-perturbed cardiomyocyte bilayers associated with ischemia, reperfusion, 

inflammation, cortical-cytoskeleton abnormalities, bilayer-disrupting toxins, diet aberrations, etc, 

could perturb VGC activity.  We characterize VGCs’ responses to membranes undergoing bleb-

like damage. The facilitation of voltage sensor repacking in these disordered, fluidized bilayers is 

more accurately “debilitation”, since VGCs that activate too easily are “leaky” and could 

contribute to arrhythmias.  Because of differences in sensor-to-gate coupling among different 

VGCs, their MS leak characteristic fall into two major categories, MS-Speed and MS-Number.  

A useful way to probe the leak mechanisms is to impose damage (by pipette aspiration of 

membrane patches), monitoring the irreversible changes until VGCs exhibit exclusively 

reversible MS responses to stretch.  We have characterized Nav1.6 this way, and modeled the 

consequences (for axons) of MS-Speed-type Nav-leak: mild damage elicits ectopic firing 

patterns typical of peripheral neuropathies.  In mildly-damaged cardiomyocytes, comparable 

slow- and fast-mode Nav-leak could underlie arrhythmias.  Key issues pertaining to MS leak of 

any specific VGC are: how does bilayer fluidity affect that VGC’s rate-limiting voltage-

dependent step? what role does VGC mode-switch play in damage-induced activity changes? are 

reversible/irreversible (elastic/plastic) MS responses comparable?  We posit that where 

pathologically leaky VGCs reside in damaged bilayers, peri-channel bilayer fluidity becomes a 

critical “target feature” for channel-blocking anti-arrhythmic drugs.  
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VGC activation is tuned by bilayer structure. 

Voltage-gated channels (VGCs) are mechanosensitive (MS) integral membrane proteins 

{67}{55}{50}. Their probability of being open (Popen) depends primarily on Vm (membrane 

voltage) but is unavoidably modulated by the variable mechanical states of the bilayers in which 

they reside.  When Vm changes, a VGC’s four peripherally-located positively-charged voltage 

sensors “repack” relative to the channel’s central pore region.  Repacking sensors pull on 

“gates”.  If gates open, ions flow through the central pore {86}{31}. The ease and hence speed 

of voltage sensor repacking depends on structural specifics of the adjacent bilayer lipids, 

molecules that must, themselves, repack to accommodate voltage sensor repacking.  Whether 

transient or sustained, therefore, perturbations of bilayer structure perturb sensor motions. The 

mutual rearrangements are easier in highly fluid (“sol-like”) bilayers, harder in highly ordered 

(“gel-like”) bilayers. Accordingly, for any VGC in its native setting, activity is tuned by the 

mechanical state of the lipid matrix.  

Before discussing how, for different VGCs,  perturbed bilayer/sensor interactions result 

in two categories of MS modulation -- MS-Speed and MS-Number -- (summarized in Fig 1), we 

illustrate the perils of  MS modulated VGC activity in excitable cells with damaged bilayer.  The 

scenario: voltage-gated sodium (Nav) channels triggering ectopic activity in mildly traumatized 

axons (Fig 2).  The simulated outcomes robustly show the hallmark features of ectopic 

neuropathic firing in peripheral neuropathies.  Previously,  more complicated (and less well-

justified biophysically) scenarios involving multiple Nav channel subtypes have been invoked to 

explain such behaviors.  Cardiac arrhythmias originating from peri-infarct zones might similarly 

be initiated or exacerbated by Nav, Cav, HCN and Kv channels {18}{15}{48}{58}{64}{21} in 

mildly-damaged and hence structurally perturbed sarcolemmal bilayer.   If this view of  

dysfunctional excitability in “sick excitable cells” proves correct, then as we have argued in the 

context of amphiphilic Nav inhibitors and injured axons {52}, renewed attention  (see {45}) is 

warranted  to the bilayer-partitioning attributes of  amphiphilic VGC inhibitors.  Ideally, drugs 

used to block VGCs in sick excitable cells would partition with greater avidity into fluidized, 

damaged bilayer than into healthy well-packed bilayer.  

Ectopic “pacemaking” and leaky Nav channels in damaged membrane.  Nav 

channels can become leaky  in many excitable membranes, including Nav-rich  myelinated axons 

{85}{73}{66}subjected to insult (ischemia, reperfusion injury, inflammatory injury, trauma).  

“Sick cell Nav-leak” is usually attributed to slow-mode Nav channels but we suggest that fast-

mode channels too would contribute {83}{8}.  With Nav channels distributed at   ~1% slow-

mode, 99% fast-mode, steady-state fast-mode current (=window current) is the dominant 

“persistent INa” at voltages near firing threshold.  Then, as Vm depolarizes through the window 

conductance region, slow-mode INa would dominate (Fig 4D in {52}).  Recombinant Nav1.6 

behavior implicates both Nav channels modes in Nav-leak; we found {83}{52} that with 

membrane injury,  both slow- and fast-mode Nav channels undergo irreversible hyperpolarizing 

(left) shifts. If native gNa behaves similarly, both modes will contribute to damage-induced  Nav-

leak and the fast-mode Nav channels will activate at levels that, in a healthy cell, would be in the 

subthreshold Vm range {8}. 
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Left-shifted activation curves (g(V)) (Fig 1, MS-Speed panel; Fig 2A) are expected for 

Nav channels if voltage sensors move too easily in disordered, fluidized bilayers {54}. 

Cardiomyocytes spend a larger fraction of time depolarized than do axons.  Slow-mode gNa 

would therefore normally contribute more to the persistent Na
+ 

influxes of cardiomyocytes 

{58}{48}{39}{84} than in axons.   This would be all the more true where gNa became left-

shifted in the form of a sick-cell Nav-leak. This idea will need to be addressed experimentally 

and computationally.  To date, what we have modeled regarding slow and fast gating is relatively 

simple: voltage-clamped membrane with co-existing non-inactivating and fast-inactivating gNa 

with left-shifted Nav-leak {52}. The aim was simply to assess how sawtooth ramp clamp 

experiments could be used to help dissect fast/slow gNa-leak sub-components during progressive 

membrane damage.  More accurate models (with kinetically interconnected slow- and fast-

inactivating Nav channel states{37}) applied to healthy vs damage-simulated membranes will be 

needed to guide experimental approaches in cardiomyocyte pathophysiology and pharmacology. 

To date, our excitable cell computations on left-shift Nav-leak have been for axons. The 

particular goal was to assess the impact of the overlooked component – i. e., fast-mode Nav-leak.  

Fig 2A and Fig 2B illustrate INa(t) data from Nav1.6 channels in oocyte membrane patches pre- 

and post-stretch (stretch imposed by pipette-aspiration).  Consistent with such data we devised a 

biophysically precise, but computationally tractable model of fast-mode based Nav injury. Our 

Hodgkin-Huxley based injury model is Nav-CLS, for “coupled left-shift”.  When Nav fast-

activation left-shifts, fast-inactivation (a voltage-independent process whose speed is limited by 

and thence coupled to activation) left-shifts by the same number of millivolts.  Note that in Nav-

CLS, when m
3
 and h (gating parameters) left-shift by a given amount (a large shift, 20 mV, is 

shown in Fig 2A top) the window conductance, m
3
h(V), necessarily left-shifts by that amount 

(bottom).  Traces in Fig 2B are from a membrane whose stretch-induced injury happened to 

have caused a precisely 20 mV left-shift of gNa(V).  An experimental “footnote”: injury intensity 

becomes evident post-hoc but cannot be precisely controlled while it is being inflicted.  For Nav-

CLS injury, variable injury intensity corresponds to the plastic zone of MS-Speed in Fig 1.  As 

pipette aspiration progressively takes an intact patch to a maximally injured (“saturated”) 

condition, the value of Nav-CLS (0 mV for intact membranes) can grow to as much as 35 or 40 

mV at saturation {75}{83}{6}.  Moreover, because of unintended seal formation damage, the 

intentionally imposed injury might not start from a true Nav-CLS=0 mV.  Fig 2 Bi shows INa(t) 

at -15 mV before and after (pre, post) stretch. Then, from that patch, Bii shows that peak-

normalized INa(t) traces overlap perfectly for pre-stretch at x mV, post-stretch at (x-20) mV, as 

labeled.  Thus post-stretch-INa(t) is kinetically equivalent to intact-INa(t) 20 mV to the “left.  This 

is a 20 mV Nav-CLS injury. 

In Nav-CLS injury, the shifted component of window current from a damaged region of 

membrane is essentially a pathological “subthreshold persistent INa”. In pacemaking 

interneurons, fast-mode based subthreshold persistent INa serves as a pacemaker current {77} but 

for axons pacemaking is anathema and likewise for, say, ventricular cardiomyocytes. 

 For Nav-CLS injury modeled in axons, we varied both the fraction of total gNa affected 

and injury intensity {8}.  Projecting our axon model findings on ectopic firing, propagation 

block, and ionic dysregulation to cardiomyocytes suggests that damaged regions of membrane in 
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those  excitable cells could yield similar  problems.   Cardiac Nav1.6 (dominant isoform in  

sinoatrial node cells {37}) is certainly of interest, but the possibility of pathologic MS 

modulation of Nav1.5,  the major cardiac isoform  would also be worth pursuing. We know a) 

that stretch co-accelerates the (coupled) activation/fast-inactivation time courses of Nav1.5 

{54}{4} and b) that in the stretched membranes of HEK cells, Nav1.5 exhibits dramatically 

large irreversible left-shifts {6}.    

For an “intact” Hodgkin-Huxley axon with Na/K pumps (internal and external volumes 

equal: volo=voli), Fig 2C plots Vm, ENa and EK.  Prolonged current injection elicits a sustained 

train of firing that stops when injections stops, after which the pump slowly readjusts the ion 

gradients. Within a few seconds the system has returned to its initial state. This is the healthy 

axon’s response to  a long stimulus.  Below (Fig 2D) we see the response of a mildly injured 

axon.  Here, there is current injection.  Instead, at t=0.2 s, a mild irreversible Nav-CLS injury (all 

Nav channels shifted by 1.5 mV) is imposed.  For >8s, the previously quiescent axon fires 

tonically.  This “spontaneous” ectopic firing, propagating antero- and retrogradely, would  

constitutes a seriously  neuropathic condition.  Note that with this mild Nav-CLS injury, ENa and 

EK  change due to channel activity then at some point, ectopic firing stops “spontaneously” and 

several seconds later the injured system settles to a new steady-state. The axon has responded to 

its small Nav-CLS injury by “left-shifting” its EK.  With more intense and/or extensive Nav-CLS 

injury, the system’s new steady state is not a fixed Vrest but a slow rhythmic pattern of bursts,  as 

seen e.g. in the volo=voli case of  Fig 2E.  Other simulations in that series demonstrate that 

bursting particulars change as volo:voli ratio changes.  Severe Nav-CLS  (e.g., the  20 mV shift of  

Fig 2A) yields depolarizing block, but even so, window current leak continues dissipating the 

Na-gradient.  A common feature of neuropathic firing in axons is the subthreshold voltage 

oscillations seen before and after bursts, and over part of the mild injury range, Nav-CLS injury 

in axons  generates those phenomena.  

These results in an axon model serve as a heads-up that leaky fast-mode Nav channels in 

damaged cardiomyocytes (and other excitable cells) may have been overlooked. Even the 

effectiveness of Nav reagents that bind with higher affinity to slow-mode than fast mode Nav 

channels is not definitive proof that only slow mode Nav-leak occurs, since these lipophilic 

compounds might partition better into damaged than intact membrane {52}. Further 

complicating matters, altering pump activity, inhibiting volume regulatory transporters, 

inhibiting Kv channels and so on – many such manipulations would change an excitable cell’s 

abnormal firing pattern (as per Fig 2E), even though the origin of a dysrhythmia was in fact Nav-

CLS.  Moreover, a standard INa voltage-clamp test for “leaky” Nav channels could be misleading 

if one expected only slow-mode Nav channels to be problematic; in that case, the expectation is 

that INa in the gmax zone will increase relative to peak current.  Note, however, that with Nav-CLS 

injury, the ratio of [steady-state INa at ~ 0 mV] to [peak INa at ~ 0 mV] decreases  (see m
3
h(V) 

plot at 0 mV, Fig 2A).    

But beyond all this, the possibility of left-shifted slow-mode Nav channels in damaged 

cardiomyocyte membranes needs to be investigated.  And the main point here is that if and 

where there is slow-mode Nav-LS injury, there will almost certainly also be fast-mode Nav-CLS 

injury. 
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Reversible and irreversible MS modulation of VGCs.  Excitable cells fine tune their 

firing patterns by modulating their VGCs.  Restructuring (“deforming”) the embedding bilayer is 

one manner in which VGCs become modulated in both healthy and diseased conditions (Morris 

{51} lists where/when, in the cardiac cells bilayer deformation could occur).  To study MS 

modulation of recombinant and native VGCs, we and others exploit stretch {35}{56}{6} or 

bilayer reagents.  Cholesterol and fatty acids can be added/extracted {20}{21}{70}{9}{40}{65}. 

Bilayer-disrupting drugs such as propofol may be used, though there attention focuses on clinical 

actions/side effects {42} rather than how the drugs perturb bilayers {1}.  Hydrostatic pressure 

also deforms bilayers, compressing them laterally to yield thicker more ordered, well-packed 

bilayers {62}. This may explain (see {54}) how large hydrostatic pressures reversibly decelerate 

and right-shift the activation (along with the coupled inactivation) of squid axon gNa {12}; 

originally, because voltage sensors were thought to be sequestered from the bilayer, those 

findings were interpreted in terms of protein compression. Like membranes under hydrostatic 

pressure, cholesterol/sphingomyelin-enriched membranes are thicker and more well-ordered 

(compared to cholesterol-extracted membranes), and this exerts hydrostatic pressure-like effects 

on Nav and Kv channel gating (slower, more right-shifted activation. Membrane stretch, by 

contrast, thins, fluidizes and disorders bilayers, eliciting in Nav and Kv1 channels faster, more 

left-shifted activation. And consistent with all this (see {55}{51}{50}), for HCN2 channels 

(VGCs that “do things backwards”), stretch causes faster deactivation {41}.  In effect, 

hydrostatic compression and tensile stretch are on a bilayer mechanical continuum.  

The issue here is the behaviors of VGCs in membranes of sick excitable cells {49}{52}.  

Where membrane-skeleton interactions become disrupted, bilayer fluidity is elevated and the 

bilayer’s healthy asymmetry decays (a genetically induced case: dystrophic membranes 

{2}{25}{79}).  This is “bleb-like” injury, though in mildly injured cells (the potentially 

salvageable ones) the regions of nascent bleb may be too small and dispersed to be evident by 

light microscopy.  Thus, for bleb-like injury, the areas of VGC-rich bilayer we are most 

interested in are not the late-stage blebs and vacuoles of apoptotic and necrotic post 

ischemia/reperfusion cardiomyocytes {29}.  Rather we assume that membranes go through a 

period of nascent-stage bilayer damage, a time before insult-induced bilayer disorder and 

blebbing are beyond remediation {17}.  Bilayer injury along these lines is expected where there 

is ischemia, where reactive oxygen species are generated, where a mechanical trauma occurs, 

where inflammatory conditions prevail, and where various genetic or toxic conditions damage 

the cortical cytoskeleton {47}.  For a specific example, cultured porcine cardiomyocytes 

subjected to ischemia then reperfusion produced blebbing cells within 2 hours of restoring 

oxygen. 

Our findings for Nav1.6 channels {83} crystallized our realization that bleb-inducing 

stretch injury to cell-attached patches exerts the same class of effect on Nav gating as elastic 

stretch.  In principle, bilayer deformations can be entirely reversible (elastic) or entirely 

irreversible (plastic). Fig 1 schematizes this for VGCs making MS-Speed responses and MS-

Number responses, terms to be elucidated further as we go along.  As also indicated in Fig 1, in 

experiments where g(V) curves are monitored before, during and after an imposed stretch,  

deformations of complex biological membranes could be “partially reversible” or “partially 
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plastic” and so on.  The before, during and after could in fact refer to any bilayer restructuring 

perturbation or insult. In the case of stretch, membrane damage could vary from zero (meaning 

the bilayer deformation was fully elastic) up to some maximum (the deformation was fully 

plastic).  In biomembranes (unlike simple symmetric artificial membranes), plastic deformations 

of graded intensity are a reasonable expectation.  They would explain the progressive irreversible 

stretch-induced gNa(V) left-shift of Nav channels in stretched membranes 

{75}{83}{6}{49}{52}.  Admittedly, there is a possibility that, at the unitary channel level, what 

happens is an all-or-none (i.e., not graded) left-shift process in which the Nav channel unbinds 

(or perhaps binds) some modulatory ligand (e.g.,ankyrin-G).  Whatever the precise left-shift 

mechanism, irreversible membrane deformations can be said to have “saturated” at the point 

when increasingly intense stretch elicits no further irreversible change. Thereafter, stretch elicits 

stretch-intensity dependent elastic responses (Fig 1).  Prior to this, large plastic changes can 

easily obscure smaller elastic ones as we now realize occurred in our studies of Nav1.4 in 

oocytes {75};we now know (unpublished observations) that like other Nav channels, Nav1.4 

shows both plastic and elastic  responses to stretch.                                                                                                 

To sum up: a) whatever the bilayer-deforming factor, reversible bilayer restructuring  

elicits reversible MS modulation of VGCs, and irreversible restructuring  elicits irreversible MS 

modulation, and b) to help determine whether irreversible VGC modulation arises from 

irreversibly perturbed bilayer structures, also study reversible MS modulation of that VGC in the 

same system.  

  

The MS behavior of VGCs as a matter of the heart –are cardiac bilayers perturbed? 

Sophisticated precision techniques for studying and modeling tissue mechanics in the 

beating myocardium are becoming available (e.g {46}), but this does not extend to the nanoscale 

level of bilayer mechanics, the scale relevant for VGCs and other membrane proteins. Whether 

elastic membrane deformations occur in cardiac membranes on a beat-to-beat basis or even more 

chronically in connection with distended atrial and ventricular chambers has not been elucidated. 

Moreover, assertions about unidentified stretch-activated cation channels notwithstanding, direct 

evidence that elastic deformations modulate any cardiomyocyte ion channel in situ is still 

lacking, including for the identified and ubiquitous VGCs{51}.  

The existence of plastic deformations of cardiac bilayers, on the other hand, has been 

repeatedly extensively confirmed, insofar as plastic changes occur they link to dietary lipids, 

with developmental/physiological changes, with various pharmacological  agents.  Or consider a 

particular VGC species that traffics to both intercalated disc and t-tubular sarcolemmal 

membranes {16}; surely it “feels” mechanically-different bilayer structures.  Likewise for any 

particular VGC species in caveolar vs non-caveolar bilayer or in raft vs non-raft bilayer {28}. 

In cases of injury-induced plastic changes in bilayer structure (due to ischemia, 

inflammation, trauma, toxins {59}{23}{30} and so on), the general existence of plastic change – 

bilayer perturbations - is again,  not challenged, but information on the nanoscale level specifics 

of those perturbations is sparse.  An exception is a recent study involving rat cardiomyocytes and 

using laurdan and 1,6-diphenyl-1,3,5-hexatriene to probe membrane fluidity changes{80} elicited 

by toxic metabolites of pyrethroid. These compounds, which impair VGC function, foster lipid 
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peroxidation of plasmalemmal bilayers.  Laurdan, which produces a signal sensitive to the extent 

of water penetration into the bilayer’s hydrophobic interior, probes the lateral mobility and 

polarity of its environment, while the 1,6-diphenyl-1,3,5-hexatriene measures fluidity changes in 

the hydrophobic interior.  For exposure to low levels of metabolites (10-20µM range) this group 

observed metabolite-induced membrane fluidity changes that varied with partition coefficient.  

Those were cellular measurements but, using 2-photon microscopy, laurdan signals can be 

monitored it small depths into living tissues {60} (e.g., zebrafish embryos).   Using these and 

other fluorescence probes of bilayer fluidity, it might be feasible to monitor changes in individual 

cardiomyocytes or in cardiac tissues as they were subjected to ischemia, exposed to short-chain 

alkanols, or stretched and so on.  

MS-Speed and MS-Number: kits for putting  MS-modulated VGCs into cardiac  models. 

We can now safely infer that, be they elastic or plastic, bilayer deformations accelerate 

the major depolarization-induced motions of voltage sensors {34}{67}{50}.  But voltage sensor 

movements are several steps removed from the physiological “currency” of excitable cells, 

namely the flux of ions through open pores, fluxes that charge/discharge Vm and that mediate 

[Ca
2+

]int.  Typically, mathematical models of cardiac electrophysiology have as outputs Vm 

and [Ca
2+

]int and while unidentified stretch-activated channels are sometimes included in those 

models {78}, one  preliminary study {3} has taken into account the fact that VGCs are 

ubiquitous and subject to MS modulation {51}. Where the issue is injurious irreversible MS 

modulation of VGCs, there is an even stronger argument for incorporating MS-modulated VGC 

behavior in model studies.   

To a first approximation, MS modulation of VGCs falls into one of two categories that 

we characterize as MS-Speed (e.g. Nav and Kv1 channels: currents accelerate, g(V) shifts along  

the Vm axis, its slope is fixed as is gmax) and MS-Number (e.g.  VGCa and Kv3 channels: current 

speed and g(V) midpoint  and slope is unaffected but apparent gmax increases).  These simple 

descriptors could help with the task of incorporating into cardiac electro-rhythmicity models 

realistic but computationally tractable descriptions of MS-modulated VGCs.  As already 

described above, the MS-Speed approach we used for Nav channels and axon damage could be 

modified appropriately for use in cardiac models.  That model of injury, however, is 

inappropriate for Cav channels, which would need a MS-Number approach. To help with 

computational tool-kits for VGCs in damaged bilayers (or otherwise MS-modulated VGCs), the 

next section introduces several over-arching concepts. We then discuss them mostly with 

reference to the MS behavior of a rather uncomplicated VGC, namely Kv3, for which we show 

some data. Kv3 is useful here because it has VGCa-like MS responses {57}, and because it 

provides a particularly straightforward way to point out that VGC mode-switch needs to be taken 

into account when studying MS modulation of VGCs.  VGC mode-switching occurs routinely on 

the beat-to-beat time scale of the myocardium {44}. We encountered the complexities of mode-

switch in our studies of the MS modulation of HCN2 {41} and Nav1.6{52}, but, as it happens, 

mode-switch is  both easy-to-grasp by direct inspection of Kv3 currents and not made baffling by 

MS modulation of the currents. 
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Some key concepts for understanding MS-Speed and MS-Number modulation of VGCs 

a) Rate-limiting voltage-dependent (RLVD) transitions.  On the activation pathway of 

any VGC there is a RLVD step governing the rate of channel opening:  that RLVD step may or 

may not be a MS step.  The RLVD step is MS in Nav channels but is not MS  in Kv3 or L-type  

Cav channels (reviewed in {57}).  This, in essence, underlies the MS-Speed and MS-Number 

categories.  Given the complexities of VGC kinetics, these are useful, but not “iron-clad”, 

descriptors for MS modulation.   

b) Mode-Switch. During prolonged depolarizations (e.g. several tens of milliseconds) 

VGCs (having accomplished their voltage-dependent transitions) typically undergo voltage-

independent mode-switch transitions {41}; the possibility that some mode-switch transitions are 

MS needs to be investigated.    

c) Chronic MS modulation.  Reversible and irreversible responses of VGCs to stretch 

are qualitatively similar for Nav channels, as if both are due to the thinned/disordered bilayer.  It 

less clear if this also applies for MS-Number VGCs, but assuming it does, reversible MS 

modulation studied in biophysical experiments can add to our understanding of the diverse 

chronic MS-modulations of VGCs.  

 

A special rate-limiting voltage-dependent steps and the MS response of Kv3 

Kv3 channels, like L-type Ca channels (based on responses to osmotic swelling and 

whole-cell inflation (see review in {57}), show MS-Number behavior.  Unlike Kv3, ICa(Vm,t) 

cannot be studied in stretched ooctye membranes {10};  the lanthanide ions used to inhibit 

endogenous MS  channels block gCa.  Initially, we examined Kv3 expecting it to echo the 

interesting MS-Speed responses of “ILT”, a biophysical-tool channel {33}.   Emphatically, it 

does not,  a reminder that the amino acid dependent functions of a VGC play out in a bilayer 

context, and that context can be probed via stretch  perturbations.  

Unlike Shaker-Kv1, with its 4
th

 order activation (like a Hodgkin-Huxley delayed 

rectifier),  Kv3 activation is 1
st
  order kinetics and requires strongly depolarized potentials {36};  

Shaw-Kv3 inspired the much-used Shaker-Kv1 mutant Shaker-ILT{32}{61}{14}.  In Kv1-ILT, 

voltage sensors are subtly altered by incorporation of a key 3 amino acid motif of the Kv3 

voltage sensor, ILT, but the impact is powerful. In Kv1-WT, gate-charge moves concertedly (4 

subunits simultaneously) as a 1st order process at about the same hyperpolarized voltage as the 

major sensor-charge movements (4 subunits independently).  In ILT, however, sensor-charge and 

gate-charge motions are energetically de-coupled: sensor-charge moves at the normal 

(hyperpolarized) voltage, but the concerted gate-charge moves only with strong depolarization.  

Hence, ILT, the concerted gate-motion is the RLVD step governing Popen.  

We reported the MS-Number responses of Kv3-F335A {33}, and along with data for 

Kv3-WT and Kv3-P410A, we illustrate that further here. Alcohol-modulated Kv3 gating of these 

particular channels is studied in the Covarubbias lab, with Kv3-F335A as their experimental-

“WT”{70}{24}.  With stretch, the Popen of F335A increases reversibly (unitary current is 

unchanged), there is an apparent gmax increase and no change in activation speed {33}. With 

Shaker-ILT, current decelerates with stretch, with gmax remaining fixed and the activation curve 

right-shifts with an unchanging slope {33}. Since the MS responses of ILT and Kv3 are radically 
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different (MS-Speed vs MS-Number responses), we can assert that a late concerted RLVD step 

is not a requirement for MS-Number responses.   

The next section fleshes out some data on the MS-Number modulation of Kv3.  

 

More Kv3 MS results  

The data shown in Fig 3 and Fig 4 are described in their legends then and discussed in 

the next sections extend findings reported previously for Shaw Kv3 channels {33}.  The three 

Kv3 cDNAs were kindly provided by M. Covarubbias (see {70}{24}).  Channels were expressed 

in oocytes at levels that yield macroscopic IK in well-fire-polished (with a molten soda glass-

coated filament {56}) cell-attached patches. Pipette resistances were 2-4 MΩ.  Recording 

conditions were as previously described (high-K
+
 and 1 mM lanthanum in the pipette {41}) with 

continually monitored pipette pressure used to stress the membrane. Membrane tension is 

unknown. P/N=4 linear subtraction was used.  

Unlike the experiments on Nav1.6 {83} which were done exclusively starting with 

gently-sealed patches (explained in {56}), the Kv3 experiments were done on patches sealed 

using ~10-40 mmHg suction. The patched membranes would have undergone considerable 

plastic (bleb-like) damage by the point that recordings began.   In retrospect, for these MS-

Number channels, an initial plastic damage stage that might have been routine had we used 

gently sealed patches would likely have been interpreted by us as a somewhat annoying and 

mysterious “run-up”:  more channels (Number) appearing from “nowhere” with normal kinetics.  

As will be seen below, this makes good biophysical sense for VGCs with MS-Number responses.  

A cautionary note, therefore:  run-up of VGCs in patch recordings (and in whole cell recordings 

where, as often happens, cells slowly inflate) might in some cases coincide temporally and 

mechanistically with onset of bleb-like membrane damage.   

 

Mode-switch – Kv3 fits the pattern 

For WT Kv3 and the two point-mutants, Fig 3A illustrates that in response to 

depolarizing steps from -100 mV, 150 ms IK traces are well-described by the sum of two first 

order exponentials.  Although, as expected {36}, the first ~10 ms is well be fit  by a single 

exponential, we maintained the step depolarization to 150 ms, and under those circumstances, 

sums of two exponentials were required.  The Kv3 tail currents (upon repolarization after 150 

ms) moreover, follow two-exponentials decay processes (Fig 3B).  Evidently the Kv3 channels 

have two open states.  The pattern of activation/deactivation involving two open states would be 

consistent with the mode-switch scheme sketched in Fig 5A. This scheme is based on the Active-

Mode/Relaxed-Mode model proposed by Bezanilla and colleagues for all VG proteins {81}.  VG 

phosphatases {81}, HCN channels {44} and Nav channels {38}{52}, e.g., all exhibit voltage 

dependent (VD) activation/deactivation and voltage-independent (VI) mode-switch behaviors 

along this line.  An example of such mode-switching in action in a cardiac physiology context is 

seen through modeling of sinoatrial cell action potentials by Mannikko and colleagues {44}.  

Ramp currents for recombinant HCN2 channel before/during and after stretch, as seen in Fig 

5Biii, show that hysteresis (a manifestation of mode-switch) is not abolished by stretch.  
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We prefer the term “mode-SWITCH” to mode-shift {41}{52}.  Switch better evokes a 

discrete conformation change in the voltage-sensor (i.e., a VI transition or “switch” from Active-

Mode to Relaxed-Mode or vice versa).  When an open Kv or Nav (or, for HCN, closed) channel 

in Active-Mode undergoes a mode-switch, it enters a lower energy Relaxed-Mode state {81}.  

The scheme of Fig 5A posits that in hyperpolarized membranes, Kv3 channels 

accumulate near the CA states but with prolonged depolarization would accumulate near the OR 

state.  Steady-state IK for Kv3 would thus be a mix of OR and OA, with the double exponential 

tail currents representing deactivations from both states.   

 

An aside on “sites”: chemical and physical MS modulation of Kv3 and other VGCs  

In oocyte membranes, inhibition of Kv3 steady-state IK has been examined for short chain 

1-alkanol over a range of concentrations by Covarrubias and colleagues {70}.  In solvent-free 

bilayers (such as the oocyte membrane),  short chain alkanols cause chain-length dependent 

thinning, they increase bilayer disorder and they reduce surface tension {43}{20}. They govern 

steady-state Kv3 Popen in accordance with this pattern, without dose-saturation or 

stereospecificity.  Clearly, Kv3 channels feel bilayer deformations {33} but the 

mechanosensitivity of Kv3 channels is discounted in models that see alcohols and general 

anesthetics as ligands acting on them at specific protein-based binding sites {5}.  If alcohols do 

indeed destabilize the Kv3 open state (the two states, in fact, as seen here) via allosteric actions 

at an entirely protein-based binding site, it remains true that the entity being modulated resides in 

an alcohol-perturbed bilayer structure {27). As stressed by Mackinnon and colleagues {68} 

molecular models that invoke channel structure need to factor in the bilayer constituents as part 

of the energetics of Popen (or, as here, P(OA+OR)).  For lipidic constituents present in sufficient 

quantity to perturb the peri-VGC bilayer structure, as well as for countless amphiphilic drugs that 

produce VGC side effects, MS modulation is a more plausible explanation than low affinity 

binding at hydrophobic “sites” or “pockets” (see {55}{65}).  It is useful to think about MS 

modulation in the following way: the entire structured lateral interface between VGCs and the 

bilayer leaflets {63} is in effect an “allosteric effector site” for VGC motions {49}.  

 

Rate-limiting voltage dependent steps: is the RLVD transition an MS transition?   

Among different VGC species, the precise ways in which voltage sensor motions regulate 

ion-current flow differ. By definition, any motion of a voltage sensor through the electric field 

will be voltage-dependent (VD) and where a VD sensor motion also “feels bilayer deformations, 

it will be a MS-VD motion.  However, a portion of a sensor’s total VD movement could occur 

buried in the protein in a way that rendered it insensitive to bilayer deformations. This 

presumably explains why the RLVD activation step in Kv3 and Cav channels {10} is not a MS 

transition.  In the scheme of Fig 5A, the Kv3 channel MS transition(s) would lie somewhere on  

the left (in other words, they would be hidden Markov transitions in the “CA..CA” and/or 

“CR..CR” zone).  It should be noted that a VGC could also have MS-VI transitions. A slow 

inactivation process (presumably P-type) in Shaker Kv1-5aa is one example {34} and an 

anomalous mode-conversion seen in oocytes with αNav1.4 {75} is also a possible candidate for 

a MS-VI mode-switch transition. 
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Thus, the slowest VD step along the path to “open” --  the RLVD step --  may or may not 

be a MS step.  For VGCs whose RLVD step is a MS step, bilayer deformations will accelerate 

(as in Nav1.5{4}) or decelerate (as in Kv1-ILT) the activation process thus left- or right-shifting 

g(V). When the bilayer surround of say, a Nav channel, is reversibly disordered/thinned/fluidized 

(by stretch, by fluidizing agents) INa(t) reversibly accelerates for all values of Vm  (e.g. Fig 1C 

of{54} and Fig 3D of {4} show stretch-accelerated activation at Vm levels where gmax has already 

been attained).  But for an L-type Cav channel, whose RLVD step (like that of Kv3) is a non-MS 

transition, ICa(t) for all values of Vm scales up by the same amount. This translates to apparent 

gmax increasing by that scaling factor.  The mechanosensitivity or not of the RLVD transition thus 

provide a general explanation for the two categories of MS modulated VGC behavior, “MS-

Speed” and “MS-Number”.  

 

Similarities in reversible and irreversible MS responses: from biophysics to pathology 

Reversible stretch modulation of VGCs signifies elastic changes in bilayer structure 

{22}{76}{41}{54} but to assign mechanisms for irreversible stretch-modulation of VGCs is 

more difficult {75}{69}{56}.  What is clear is that use of pipette aspiration to stretch membranes 

causes progressive bleb-like damage {53}{72}{82}{49}{87}{71}{74}.  Saturation of plastic 

deformation is defined operationally by the point when the embedded channels respond 

reversibly to what are then assumed to be elastic deformations.  The behavior with Nav1.6 in 

oocytes (see Fig 5 in {83}) and other Nav isoforms exemplify the plastic-elastic diagram of Fig 

1, MS-Speed is appropriate. 

The equivalent diagram for MS-Number channels is in agreement with our findings for 

N-type Cav channels in HEK cells {10}.  Concomitant ICa and video recording involving whole-

cell inflation revealed that MS-Number responses  (increased gmax) occured abruptly at a point 

when the inflation pressure caused bleb-like damage.  In unitary channel recordings from cell-

attached patches (small tips, large gigaohm seals, and hence, unavoidably, perturbed bilayer) we 

obtained reversible stretch-induced “iNPopen” increases.  This was attributed to increased N 

(number of participating channels), not increased unitary current (i) or and not a changed open 

duration for unitary events (the conditional Popen).  For these VGCa channels, therefore, the 

plastic-elastic diagram seems appropriate and valid.  Ionic and gating currents of recombinant L-

type cardiac Cav channels (obtained from cut-open oocytes) reveals that the coupling efficacy 

between voltage sensor charge movement and pore opening in these channels is facilitated by 

prolonged prepulse depolarizations {13}, with no change in ICa(t) kinetics.  In effect, the 

apparent gmax increases with prepulse depolarizations, just as it does with membrane stretch.  

Leaky Cav channels (and ryanodine receptors) in ischemically damaged cardiomyocytes are 

important drug targets {26}{19}.  For those concerned with the underlying mechanisms of Cav-

leak, a key question, we suggest, is this:  does bleb-like membrane damage of cardiomyocyte 

membrane elicit an irreversible increase in apparent gmax?  If so, damage should irreversibly left-

shift the gating charge curve (Q(V)); debilitation instead of facilitation.  

Consider cardiac Nav1.5 in rat ventricular myocytes.  In spite of difficulty maintaining 

patches, we managed to demonstrate that the native Nav1.5 exhibits elastic MS-Speed behavior 

{4}.  It is also clear from the work of Beyder and colleagues {6} that Nav1.5 channels patch-
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stretched in HEK cells show extensive plastic MS-Speed responses.  It is only reasonable, 

therefore to predict that Nav1.5 (slow- and fast-gating)  in native membranes with bleb-like 

injury (from ischemia, from inflammation, from an abrupt mechanical blow) would show MS-

Speed type Nav-leak. 

In oocyte patches, the MS-Number responses of Kv3 channels were  largely reversible 

(as mentioned above, seal formation was done with intense pipette aspiration). Nevertheless, 

when irreversible change was noted it followed the MS-Number pattern of the elastic responses, 

as illustrated by Fig 4. For that patch, currents (illustrated in A) were repeatedly acquired 

without and with stretch (suction or blowing) until the patch ruptured, as summarized by the 

histogram, B.  Stretch reversibly increased apparent gmax, with the most intense suction (-70 

mmHg) yielding the biggest reversible increase.  And, consistent with the MS-Number responses 

that showed no change in kinetics (voltage step experiments (Fig 3)), normalized IK(t) for these 

ramp-then-hold traces (without/with stretch) superimpose. However, as evident from the 

“upward” trend of 0 mmHg levels in the histogram, apparent gmax at 0 mmHg almost doubled.  

Normalized I/V traces for the first and last 0 mmHg ramps overlap perfectly (Fig 4C), consistent 

with this plastic change being mechanistically comparable to the elastic change, i.e. a MS-

Number response.   It will be interested to re-assess establish whether L-type Ca channels in 

cardiomyocytes are  

 

Conclusions  

VGCs are multi-conformation membrane proteins whose voltage sensors interact 

extensively with the channel’s embedding bilayer.  VGCs thus cannot both gate and remain 

entirely indifferent to the mechanical state of the bilayer in which they are embedded; voltage 

sensors must do work on the bilayer in order to repack.  In the myocardium, VGCs never see an 

unchanging voltage, so “bad bilayer mechanics” can be expected to be arrhythmia-inducing.   

If the bilayer is more fluid/disorderly/thin at one time than another, then voltage sensors 

will move more easily under those conditions than at another time when the bilayer is more 

solid-like, well-packed or thicker.  In principle, a bilayer might alternate between these two 

extremes reversibly (in an elastic fashion) or irreversibly (in a plastic fashion).  Either way, 

VGCs will respond.  And because different species of VGCs couple their sensor motions to gate 

opening differently, responses to perturbed bilayer structure plays out differently in different 

VGCs.  For most VGCs, this simplifies down to saying that either activation speeds up or the 

apparent number of open channels increases.  

The plastic bilayer perturbations are expected to occur in cardiomyocytes subjected to 

ischemic, inflammatory and other conditions.  For axonal Nav channels, we showed that taking 

the plastic changes seriously in the context of  a mildly damaged axons yields ectopic firing 

patterns typical of peripheral neuropathies.  

We characterize MS-modulation of diverse VGCs under two categories in hope that  this 

will help cardiac experimentalists and modelers re-examine the “leaky” VGCs in acquired 

cardiac disease states to determine if they are indeed manifestations of plastic MS-modulation  

responses  we describe here. 
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Many clinically promising or useful VGC inhibitors are lipophilic {45}{38}. As such, 

they might partition differently into healthy, well-packed bilayers than into damaged-fluidized 

(bleb-like) bilayers. In cases where the leaky VGCs targeted by lipophilic inhibitors are MS-

modulated VGCs in damaged bilayers, there might be opportunities to optimize targeting.   To 

reduce unwanted inhibition of non-leaky VGCs in healthy membrane, the drug could be 

modified to ensure that its specific binding to the VGC-site is most effective in fluidized 

bilayers.   Increasing the drug’s partition co-efficient for fluidized VGC-rich bilayers (relative to 

healthy bilayers) would also enhance selectivity.  In a perverse fashion, nature seems to take this 

general approach in spider venoms, where toxic amphiphilic peptides are accompanied by 

membrane-fluidizing lipases.  The toxic peptides target binding sites on voltage sensors, but their 

efficacy as VGC inhibitors is greatly improved when the embedding bilayer becomes fluidized 

{50}{52}.   
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FIGURE LEGENDS (repeated adjacent to the figures) 

 

Figure 1  VCC activation and membrane stretch: MS-Speed and MS-Number responses. 

MS-Speed: shifts along the Vm-axis. MS-Number: a change in the apparent gmax. For stretch at a 

given intensity, g(V) change can be reversible, partially reversible, or irreversible (before (black), 

during (red) and after stretch (grey)).  In response to progressively increasing stretch intensity, 

g(V) curves for VGCs in an intact membrane go through a range of plastic (irreversible) change 

which saturates at some point,  after which stretch-intensity dependent reversible changes can be 

recorded without interference from concurrent irreversible change.   

 

Figure 2  Nav-CLS injury and ectopic excitation.  A. Hodgkin-Huxley m
3
(V) and h(V) plots 

for control conditions and with 20 mV hyperpolarizing (left) shifts; below, their steady-state 

products (window conductances). B. As explained in the text, i) irreversible response of 

recombinant Nav1.6 current to stretch, and ii) illustration of  a 20 mV coupled left-shift.  C, D, 

E. Computational results for a mildly traumatized axon, as described in the text.  Expanded time 

resolution is provided in 3 instances to show action potential shapes.  In E, the Nav-CLS injury 

(2 mV, all Nav channels) is the same in every case, with the only difference in the simulations 

being the different volume ratios volo:voli, as indicated by the numbers 0.1, 0.5, 1.0, 3 and 4.  

 

Figure 3   Kv3 channel kinetics without and with stretch: two open states and MS-Number 

responses. A, B Typical activation and tail current traces for Shaw Kv3 WT, F335A and P410A 

channels with overlaid fits (green) to sums of two exponentials.  C,D For WT and P410A,  traces 

before, during, after stretch (black, red, grey as per g(V) relations of Fig 1) and at right for each, 

the average of before+after  traces amplitude-normalized to the during-stretch trace.  The 

complete overlap signifies that there has been no effect on kinetics,  what changes with stretch is 

the number of channels participating;  the Kv3 response to stretch appears to be comparable to 

the facilitating effect of pre-pulse depolarizations on cardiac L-type VGCa channels {13} where 

increased efficacy of coupling between sensor charge movement and pore opening is 

responsible.   

  

Figure 4  MS-Number behavior in Shaw Kv3 F335A using ramp-then-hold clamp. A,  A 

series of before/during/after stretch traces with stretch applied by pipette aspiration (suction) at 

the intensity shown (mmHg). The voltage protocol: from Vhold=-100mV, a 500 ms ramp to -120 

mV and after 120 ms there, back to Vhold. (panel C labels these). Note that  the IK plateaus do not 

represent a gmax  condition.   They provide steady-state IK at +120 mV (i.e. the y-axis in B). Note 

different current scales.  Also note that by ~-40 mmHg and beyond, stretch-modulated IK exceeds 

depolarization-induced IK.  B, histogram summarizing the “stretch-dose” response experiment 

from which these traces are taken, with black=0 mmHg controls.  In C, the first and last 0 mmHg 

traces are plotted then normalized (procedure as in Fig 3), and in D, E the full traces for -20 

mmHg (first time) and +20 mmHg are plotted then normalized, illustrating MS-Number behavior 

as seen for ramp-then-hold currents and illustrating that blowing into the pipette is the equivalent 

of applying suction, as expected when increased bilayer tension is the modulating factor.  
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Figure 5  Mode-switch and MS modulation of VGCs.  A, simplified scheme for Kv3 channels 

in closed/open (C,O) active/relaxed (A,R) mode states connected by voltage-dependent (VD) and 

voltage-independent (VI)  transitions (the latter being the mode-switch transitions).  In Kv3, VD 

transitions (and thus gating current motions) must occur between closed states indicated on the 

left of the diagram, but those transitions are not rate-limiting for pore opening. At least one must 

be a MS transition that augments the fraction of channels “ready-to-open-upon-depolarization”. 

This scheme is directly analogous to the mode-switch scheme used for HCN2 channels, {41}; it 

is redrawn in Bi with the naming and color conventions of A. In both schemes, prolonged 

hyperpolarization causes channels to populate states near the orange diamond while prolonged 

depolarization causes channels to populate near the blue diamond.  Both are also analogous to a 

simplified mode-switch scheme for Nav channels {52}.  Bii, iii illustrate the sawtooth ramp 

protocol (it includes first a fast, f, then a slower, s, voltage sawtooth) used to elicit the 

characteristic mode-switch-induced hysteresis of HCN2 cation currents elicited before, during, 

after stretch (modified from {41}).   
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Figure 1  VCC activation and membrane stretch: MS-Speed and MS-Number responses. 

MS-Speed: shifts along the Vm-axis. MS-Number: a change in the apparent gmax. For stretch at a 

given intensity, g(V) change can be reversible, partially reversible, or irreversible (before (black), 

during (red) and after stretch (grey)).  In response to progressively increasing stretch intensity, 

g(V) curves for VGCs in an intact membrane go through a range of plastic (irreversible) change 

which saturates at some point,  after which stretch-intensity dependent reversible changes can be 

recorded without interference from concurrent irreversible change.   

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2   

Nav-CLS injury and ectopic excitation.  

A. Hodgkin-Huxley m
3
(V) and h(V) plots for 

control conditions and with 20 mV 

hyperpolarizing (left) shifts; below, their 

steady-state products (window 

conductances). B. As explained in the text, i) 

irreversible response of recombinant Nav1.6 

current to stretch, and ii) illustration of  a 20 

mV coupled left-shift.  C, D, E. 

Computational results for a mildly 

traumatized axon, as described in the text.  

Expanded time resolution is provided in 3 

instances to show action potential shapes.  In 

E, the Nav-CLS injury (2 mV, all Nav 

channels) is the same in every case, with the 

only difference in the simulations being the 

different volume ratios volo:voli, as indicated 

by the numbers 0.1, 0.5, 1.0, 3 and 4.  

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3   Kv3 channel kinetics without and with stretch: two open states and MS-Number 

responses. A, B Typical activation and tail current traces for Shaw Kv3 WT, F335A and P410A 

channels with overlaid fits (green) to sums of two exponentials.  C,D For WT and P410A,  traces 

before, during, after stretch (black, red, grey as per g(V) relations of Fig 1) and at right for each, 

the average of before+after  traces amplitude-normalized to the during-stretch trace.  The 

complete overlap signifies that there has been no effect on kinetics,  what changes with stretch is 

the number of channels participating;  the Kv3 response to stretch appears to be comparable to 

the facilitating effect of pre-pulse depolarizations on cardiac L-type VGCa channels {13} where 

increased efficacy of coupling between sensor charge movement and pore opening is 

responsible.   

  

 



 

  

 

Figure 4  MS-Number behavior in Shaw Kv3 F335A using ramp-then-hold clamp. A,  A series 

of before/during/after stretch traces with stretch applied by pipette aspiration (suction) at the 

intensity shown (mmHg). The voltage protocol: from Vhold=-100mV, a 500 ms ramp to -120 mV and 

after 120 ms there, back to Vhold. (panel C labels these). Note that  the IK plateaus do not represent a 

gmax  condition.   They provide steady-state IK at +120 mV (i.e. the y-axis in B). Note different 

current scales.  Also note that by ~-40 mmHg and beyond, stretch-modulated IK exceeds 

depolarization-induced IK.  B, histogram summarizing the “stretch-dose” response experiment from 

which these traces are taken, with black=0 mmHg controls.  In C, the first and last 0 mmHg traces 

are plotted then normalized (procedure as in Fig 3), and in D, E the full traces for -20 mmHg (first 

time) and +20 mmHg are plotted then normalized, illustrating MS-Number behavior as seen for 

ramp-then-hold currents and illustrating that blowing into the pipette is the equivalent of applying 

suction, as expected when increased bilayer tension is the modulating factor.  

 

 



  

 

 

 

 

 

 

 

 

 

Figure 5  Mode-switch and MS modulation of VGCs.  A, simplified scheme for Kv3 channels 

in closed/open (C,O) active/relaxed (A,R) mode states connected by voltage-dependent (VD) and 

voltage-independent (VI)  transitions (the latter being the mode-switch transitions).  In Kv3, VD 

transitions (and thus gating current motions) must occur between closed states indicated on the 

left of the diagram, but those transitions are not rate-limiting for pore opening. At least one must 

be a MS transition that augments the fraction of channels “ready-to-open-upon-depolarization”. 

This scheme is directly analogous to the mode-switch scheme used for HCN2 channels, {41}; it 

is redrawn in Bi with the naming and color conventions of A. In both schemes, prolonged 

hyperpolarization causes channels to populate states near the orange diamond while prolonged 

depolarization causes channels to populate near the blue diamond.  Both are also analogous to a 

simplified mode-switch scheme for Nav channels {52}.  Bii, iii illustrate the sawtooth ramp 

protocol (it includes first a fast, f, then a slower, s, voltage sawtooth) used to elicit the 

characteristic mode-switch-induced hysteresis of HCN2 cation currents elicited before, during, 

after stretch (modified from {41}).   

 

 

 




