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Abstract

This article is a followup to an earlier review which outlined some of the interesting
features of the soliton/wave-action potential (AP) model, and noted the need to test its key
aspects; including the need to test if its presumed lipid phase transition is actually
happening during AP firings in excitable cells. The intent here is to point out the sort of
tests, and evidence from them, that might be needed if the soliton/wave-AP model is to be
accepted broadly by biologists. Here, after an overview of the modern
electrophysiological-AP model and of the soliton/wave-AP model, there are three areas
considered. First, possible compositional influences on membrane properties relative to
the soliton/wave-AP model are presented. Including questions with regard to the
soliton/wave-AP model’s assumption that changes in surface potentials influence the
transmembrane potential. Second, some recent work from the good folks who advocate
for the soliton/wave-AP model concerning the occurrence of lipid phase transitions in
neurons or in extracts from nervous tissues are examined. Here it is noted that there is a
need to consider whether these lipid phase transitions happen within normal
physiological conditions or not. Third, and finally, the advocates for the soliton/wave-
AP model have adopted a thermodynamic/theory-based philosophical approach in their
studies. It is argued that this philosophical approach is a radical departure from the
philosophical approach used under the scientific method. The features of this new
approach, and implications its use, are examined.
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1. Introduction.

The modern electrophysiological-action potential (AP) model has stood the test of
time. But within the last two decades a new model that attempts to account for action
potential production in excitable cells has been put forward; the soliton/wave-AP model
(Heimburg et al. 2005). This new soliton/wave-AP model is creative and certainly
offers a different perspective of how an action potential might be produced. Such new
thinking is welcome as it offers new ways to examine old phenomena. But for this new
model to be accepted it needs to undergo new and critical tests which bring forward new
data showing that it can account better for existing knowledge than the current highly
accepted electrophysiological-AP model. So, building on previous comments (Meissner
2018), this article will suggest some more of the sorts of tests of the soliton/wave-AP
model that might yield some information helpful in terms of discerning whether or not
the soliton/wave-AP model lives up to the claims its advocates make for it.

The main points to be made in this article are several. First, given that in biological
membranes there is such broad compositional diversity seen, especially compared to
simple phospholipid bilayer systems, that the claims made by the advocates for the
soliton/wave-AP model, that their relationships are universal and apply across all
membrane types and compositions, may be called into question. Examples of situations
in bilayers and membranes in which the need to test if soliton/waves can be produced in
such settings will be indicated. Also the assumption made by the soliton/wave-AP
model that surface potential changes can account for the membrane potential shifts we see
during an AP will be examined. Second, in making claims that lipid phase transitions
are commonly seen in biological membranes the good people who advocate for the
soliton/wave-AP model have not yet produced compelling evidence to back up this
claim. How some of the evidence they have recently presented on this issue falls short
will be reviewed, and suggested improvements in the methods used to examine whether
or not lipid phase transitions are common and adaptive in biological membranes will be
offered. In addition, how some of the findings from such recent studies need to be
evaluated in terms of whether or not they occur under normal physiological conditions
will be outlined. Third, the new thermodynamic/theory-based philosophical approach
that the advocates of the soliton/wave-AP model put forward will be examined, and its
features described. Examples of its use will be presented, and how it differs from the
standard scientific method’s philosophical approach noted. The vast majority of
scientists today expect that models will be evaluated from within the scientific method,
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and so the different standards of evidence being used under this new
thermodynamic/theory-based philosophical approach may not come across as convincing
to many scientists. It is suggested that the scientific method is still the best philosophical
approach that science has devised, and so we should not replace it with another
philosophical approach.

la. The modern electrophysiological-AP model.

Since it is both a well established model, and is the logical alternative to the proposed
soliton/wave-AP model, it is perhaps appropriate to present a brief review of the modern
electrophysiological action potential model. This electrophysiological-AP model is
derived from the earlier work of Hodgkin and Huxley (1952a), but this modern model has
several significant modifications which build upon and greatly extend that earlier work
which makes up the classical Hodgkin-Huxley-AP model. Such extension is natural
when working with empirical models. Thus, while much of the experimental findings
reported by Hodgkin and Huxley, and others, are still important under the current
electrophysiological-AP model, many new features have been added, for instance more
refined quantitative empirical equations and software systems have been derived
(Platkiewicz et al. 2010; Paci et al. 2012; Kolaric et al. 2013; McDougal et al.
2013; Ma et al. 2017a; Kisnieriene et al. 2019; Cohen et al. 2020). Let us, then,
start with a simple statement of the narrative of this electrophysiological-AP model:

If there are electrochemical gradients for two different ion types each in the
proper orientation across the plasma membrane, then energy to power
movement of each of these ion types across the membrane is available. If
one type of voltage-gated ion channel is activated by a mild membrane
potential depolarization (caused by events at the post-synaptic membrane
of the neuron upon neurotransmitter detection), then the first type of ion
channel opening is induced which alters the permeability of the membrane
and this first ion type can move down its energy gradient. As these ions of
the first type cross the membrane, then the charges being carried by these
ions will induce a change in the membrane potential leading to the initial
part of the action potential’'s membrane potential shifts. If a second type of
voltage-gated ion channel is present and is sensitive to this change of the
membrane potential to more positive values due to the movement of the
first ion, then this second type of ion channel will open and that will alter
the permeability of the membrane to a second ion type. This will be seen
as a change in the membrane permeability to this specific ion type during
this part of the action potential. ~As this second ion type moves across the
membrane, down its energy gradient, it carries charge and so also
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contributes to changes in the membrane potential. The movement of this
second ion type will cause the membrane potential to return to a negative
state, and if the channels are open long enough a hyperpolarization beyond
the normal resting potential may occur. Each of these channel types must
deactivate in a brief period, and so return to their respective initial states
over time, and the membrane potential then returns to its resting state.
Notice that the flow of these ions down their respective electrochemical
gradients will generate heat, and over the long term and with many action
potential firings the combined flow of ions will eventually dissipate their
respective transmembrane electrochemical gradients. This indicates the
need for ion transport systems to be used to maintain these energy gradients
and these transport systems are operated at metabolic cost.

The reader should notice several features of the above narrative of the
electrophysiological-AP model: First, while the flow of two ion types is indicated, the
specific ions involved is not designated in the above narrative. This is because work has
shown that in different cells and in different species the production of action potentials
can be achieved by the flow of different combinations of ions in different directions
(Osterhout 1934; Tasaki et al. 1962, 1965, 1966; Kitasato 1968; Homann et al. 1994;
Fromm et al. 2007; Josub et al. 2015). The fact that the same action potential
phenomenon can be produced in different contexts in such multiple ways using different
ions and ion channel types may be taken as confirmation of this model in terms of its broad
features as it has apparently evolved multiple times in various lineages. Second, this
electrophysiological AP-model notes the use of voltage-sensitive ion channels to alter the
permeability of the plasma membrane to each specific ion type (Thiel et al. 1997; Roux
2017, Powell et al. 2021). This relates to the classic observation that during action
potentials there is a change in the membrane permeability to specific ion types, with the
subsequent ion flows resulting in the AP. This change in permeability was well
documented when Hodgkin and Huxley presented their outline for an action potential
(Hodgkin 1937a, 1937b; Hodgkin et al. 1939, 1945, 1949, 1952a, 1952b, 1952¢, 1952d, 1952e,
1955), and since then the role of specific protein-based ion channels of various types
operating in the plasma membrane in different cell types to achieve this AP pattern of
change in membrane permeability has been established (Bean 2007; Liu et al. 2012).
The role of the ion channels in AP generation has been shown to be essential, as illustrated
by the work of Shapiro et al. (2012) who found that cultured oocytes that do not normally
display action potentials, can do so after being transformed with the genes for the needed
Na* and K* voltage-gated channels and upon their proper expression and the deployment
of these proteins to the oocyte’s plasma membrane. The essential nature of these ion
channels is also indicated by disease states being associated with the lack of proper
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expression of genes coding for them. Indeed, changes in the expression of a gene coding
for one ion channel is reported to occur with age, altering AP firing rates and the quality
of sleep (Li et al. 2022). Also the application of stress to the plasma membrane of
neurons has been reported to alter ion channel activity and so alter some features of the
resulting AP (Bianchi et al. 2019). A third feature of the above narrative of the
electrophysiological-AP model to consider is the flow of each ion type down its specific
energy gradient across the plasma membrane (Homann et al. 1994). The two major
contributors to this energy gradient are, first, the membrane potential itself which acts on
all ions, and, second, the concentration gradient for each individual ion type across the
neuron’s plasma membrane. The existence of both the membrane potential and the
concentration gradients of the ions involved in a specific action potential have long been
established (Keynes et al. 1965; Beilby 2007). These ion electrochemical potential
gradients are maintained at high metabolic cost (den Hertog et al. 1969; Ritchie 1973;
Mink et al. 1981, Verkerk et al. 1996, Street 2020; Attwell et al. 2001;
Magistretti et al. 2015; Kann 2016; Jensen et al. 2020). Indeed the neurons in the
central nervous system are at such risk of damage from reactive oxygen species that form
with the high metabolism present there that neighboring astrocytes pass them
antioxidants to help them avoid damage (Bélanger et al. 2011). These and many other
aspects of the above outline of the electrophysiological-AP model have been tested and
confirmed in various ways by a truly vast number of studies. Space does not allow a full
listing of all of such studies, but those interested in more of this evidence and its context
might examine the following, and the items cited within them (Nathan et al. 1962;
Watanabe etal. 1967; Mevesetal. 1973; Pickard 1973; Tasaki1982; Fernandez et
al. 1983; Hille 1984; Shepherd 1988, Wayne 1994, Huxley 2002a, 2002b; Johnson
etal. 2002; Beznilla2006; Kingetal. 2014; Peyrard2020; Street2020; Cornejo et
al. 2022), and for how APs fit into the history of the study of biological membranes see
the review by Lombard (2014). Thus there is much well established empirical evidence
that supports this model, and upon which acceptance of this model is currently based.

The modern electrophysiological-AP model notes the role of the electrochemical
gradients for specific ions, and the changes over time in specific ion permeabilities of the
membrane can lead to changes in the transmembrane potential (Powell et al. 2021).
These two aspects are often considered in electrophysiology via the Nernst potential
equation, and the Goldman-Hodgkin-Katz equation (Nobel 1974).

The Nernst potential equation is:

er = (BL) |2 ]

(eq. 1)
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Where: Enj is the Nernst potential for ion j. R is the gas law constant. T is the
temperature in degrees Kelvin. zjis the charge carried by ionj. Fisthe Faraday constant.
And ajo and aji are the activities across the plasma membrane of ion j (usually approximated
by using their concentrations) in the bulk solution at the outside surface of the membrane
versus the bulk solution at the inside face of the membrane respectively. The Nernst
equation is derived directly from the law of conservation of energy (Nobel 1974; Hille
1984), and indicates for a given ion type the energy in the membrane potential (Enj) that
would be needed to directly counter the opposing energy in a concentration gradient of
ion j across the membrane. Comparison of the Nernst potential for a given ion type to
the actual transmembrane potential allows an estimate of which direction that ion type
will move if the membrane becomes permeable to that type of ion.

This raises the issue of changes in membrane permeability, which is addressed in the
Goldman-Hodgkin-Katz (GHK) equation:

e - (Rlen (Px [K+} + P na[Na+})

F (P« [K+} + P na[Na+}) (eq. 2)

The R, T, and F terms are as given above. Here the ions K* and Na* are considered in
terms of their outside and inside concentrations. This GHK equation can be expanded to
include other ions whose movement across the membrane may also contribute to the final
membrane potential (Em). For instance, Cl, Ca*?, or H* are sometimes added for certain
cell types or in some species (Kitasato 1968, Nobel 1974) when they contribute
significantly. Notice that each ion type has a permeability coefficient (Px and Pna)
associated with it. The permeability coefficients here are dynamic, and so can change
rapidly over time as is found in the study by Takashima (1979), and this leads to changes
in transmembrane potential we call an action potential.

With ion flow across the membrane the law of conservation of charge has some
important influences on the system. The extent to which the transmembrane potential is
altered with ion flows is influenced by the resistance of the membrane, and the speed of
its alteration is influenced also by the capacitance of the system. Thus, the reason in
classical work for adoption of cable theory (Tasaki 1982), and for the use of analogies to
electronic circuits (Hodgkin et al. 1952a), follows directly from the established finding that
ions are moving across the membrane during an action potential. To ignore the
consequences of such charge movements, then, would be to ignore the consequences of
the law of conservation of charge.
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The focus of this model is not only on membrane resistance or membrane potential
alone, but changes in capacitance during an AP have also been examined. Fozzard (1966)
modified the equations presented earlier by Hodgkin and Huxley (1952a) to account, in
an excitable muscle cell, for the changes in capacitance seen with AP firings. Palti et al.
(1969) report how with AP firing there is a change in the capacitance of the squid giant
axon, and notes how this fits into the electrophysiological-AP model. The Sabah et al.
(1972) article is an example of an exploration of altering the parameters used in the
Hodgkin and Huxley equations from 1952, including how changes in capacitance would
influence the features of the action potential. Chiu et al. (1982) notes how in frog nerve
internode regions there is a change in capacitance seen in association with the K* current
during APs. The Fernandez et al. (1983) article notes the changes in capacitance seen
during APs in squid giant axons and alters the classical Hodgkin-Huxley empirical
equations to take this into account. The Jurisic (1987) and the Akemann et al. (2009)
articles discuss how the protein conformational changes that occur during an AP can lead
to a rise in the membrane capacitance. The influence of the shifts of the voltage-sensing
domains of membrane proteins during an AP on the transient changes in capacitance of
the neuron have been modeled by Kim et al. (2016). Sangrey et al. (2004) modified the
Hodgkin-Huxley equations to take into account such a capacitance shift during an AP, an
alteration they argue is justified as the Hodgkin-Huxley equations were empirically
derived and so are open to modification based on new evidence. The Franzen et al. (2015)
article gives a nice description of how across the development of a neuron there are
changes in the cell’s membrane resistance and capacitance and notes how this leads to
alterations in the features of the AP that are observed at different points of development.
Gulledge et al. (2016) modeled how morphological changes occur in neurons, and include
in their analysis consideration of how this can lead to changes in cell capacitance and so
influence AP features. The Jerusalem et al. (2019) review notes how with AP passage
protein conformational changes can lead to local transient changes in capacitance. Varela
et al. (2021) notes the AP models recently used to account for mechanical stress-induced
changes in capacitance in cardiac tissue. Thus, along with monitoring changes in the
membrane resistance to various ion types and membrane potential, the modern
electrophysiological-AP model also considers changes in membrane capacitance that arise
during APs as well. This indicates that the original Hodgkin-Huxley AP equations
(Hodgkin et al. 1952a), which assumed a constant capacitance in the neuron during AP
firing, have been extended from that earlier form to give us the current
electrophysiological-AP model in which capacitance changes are acknowledged and
incorporated into the model. This point is raised as there are those who claim that the
current modern electrophysiological-AP model somehow does not account for changes in
capacitance, or that it either assumes or somehow requires a constant capacitance, during
AP firing (Heimburg 2021; Carrillo et al. 2022). Such arguments would seem to be
directed at the seventy year old Hodgkin-Huxley AP equations, and apparently are
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ignoring the modern updates that have been made to the model and its equations since
that time?

While the above narrative has provided a path to examine how the membrane
potential changes associated with an action potential are produced, there are other
phenomena that are reported to be associated with action potentials. It has been
suggested that some of these phenomena may be accounted for as being due to the large
change in transmembrane potential of the action potential acting on dipole molecules (i.e.,
proteins and lipids) in the membrane, and so causing secondary effects (Uedaetal. 1974;
Das et al. 1995; El Hady et al. 2015; Ling et al. 2020). Shrager et al. (1987) note
that changes in optical properties occurred in a neuron in sync with the timing of the action
potential and in proportion to the changes in the membrane potential. This view is
supported by the fact that several of these secondary effects have been shown to arise to
some extent when a neuron is placed under a hyperpolarizing clamp voltage (i.e., from the
resting potential of about -70 mV the voltage is moved to roughly -120 mV). Such a
hyperpolarized clamp voltage does not typically induce an action potential, but it does
induce some of the sort of secondary effects commonly reported to be associated with APs.
Thus, there are several reports both for non-neuronal cells in culture (Oh et al. 2012) and
for neurons (Cohen et al. 1971; Tasaki 1982) that such a hyperpolarization of the
plasma membrane can induce changes in the absorption of light by, or of other optical
properties of, the membrane. While Lee et al. (2017) reported that a plasma membrane
hyperpolarization can lead to changes in the Raman scattering spectrometric data
obtained from neurons. In addition, Terakawa (1985) reports that such a membrane
hyperpolarization can induce a small shift in a neuron’s internal pressure. In a more
indirect manner, Howarth et al. (1968) noted that in mammalian nerves alteration of the
external Na* concentration both alters the amplitude of the voltage swing seen during an
action potential and alters the amount of initial positive heat produced, making it possible
that the amplitude of this membrane potential shift during the AP may influence the
magnitude of the heat generated. It would be interesting to examine if an imposed
hyperpolarization on the plasma membrane of neurons might also have other effects, for
instance would this alter the proportion of lipid rafts present in the membrane during AP
passage? For more on how some of these AP associated phenomena may fit under the
electrophysiological-AP model see the previous review by Meissner (2018).

1b. The soliton/wave-AP model.

The soliton/wave-AP model has been outlined before (Meissner 2018). The version
of this model that is considered here is based on work done with phospholipid bilayers
and monolayers by the lab groups of Heimburg (Andersen et al. 2009; Appali et al.
2012; Ebeletal. 2001; Gonzalez-Perez et al. 2014, 2016; Heimburg 1998, 2009, 2012,
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2019, 2021; Heimburg et al. 2005, 2007; Laub et al. 2012; Lautrup et al. 2011;
Mosgaard et al. 2015a, 2015b; Muzi¢ et al. 2019; Schrader et al. 2002, Wang et al.
2017, 2018; Wunderlich et al. 2009; Zecchi et al. 2017, 2021), and of Schneider
(Fabiunke et al. 2021, Fedosejevsetal. 2022; Fichtletal. 2016,2018; Fillafer etal.
2013, 2016, 2017, 2018, 2021, 2022; Griesbauer et al. 2009, 2012; Kang et al. 2020;
Kappler et al. 2017, Mussel et al. 2017, 2019a, 2019b, 2021; Schneider 2020, 2021;
Schneider et al. 1999; Shrivastava et al. 2013, 2014a, 2014b, 2018a, 2018b; Steppich et
al. 2010). These workers have used observations and experimental findings from these
lipid bilayer and monolayer systems to derive biophysical relationships largely based on
thermodynamic principals and various conservation laws. They then argue that these
relationships are universal, and so would apply both to lipid bilayers and to biological
membranes broadly irrespective of specific molecular details (Fillafer et al. 2021;
Schneider 2021), and they claim that these relationships can be applied without knowledge
of membrane composition (Schrader et al. 2002). A brief narrative of how their model
proposes to account for the pattern of changes in membrane potential we call an action
potential in excitable cells would go roughly as follows:

In a biological membrane the lipids are induced to undergo a lipid phase
transition. This would be something like a rapid reversible transition from
a lipid liquid-crystalline phase to a gel phase. During such a reversible
transition there would be alteration of the membrane density, thickness,
optical properties, and alteration of the display of surface charges locally.
This change in the surface charge density during the lipid phase transition
results in a change in the local surface potential, and if this change in surface
charge density differs between the two faces of the biological membrane then
a difference in surface potential will result between the two faces. This
difference in surface potential changes between the two membrane faces
during the reversible lipid phase transition is then proposed to account for
the membrane potential changes we define as an action potential.
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Table 1. The equations in articles on the soliton/wave
model in lipid bilayers and monolayers that make use of
the changes in specific heat capacity seen during lipid
phase transitions.

Equation numbers in
each reference that use
specific heat capacity

Reference: changes (ACp) in
calculations:

Ebel et al. (2001) 2,3,12,14

Schrader et al. (2002) 1,3,4,5

Heimburg et al. (2005) 2,3

Griesbauer et al. (2009) 5b

Steppich et al. (2010) 0,5¢,7,8,9,10

Muzi¢ et al. (2019) 1,56

Heimburg (2019) 8-12

Mussel et al. (2019a) 25,29

Mussel et al. (2019b) 4,6

Mussel et al. (2021) 1,2

The actual equations used for quantitative analysis under the soliton/wave-AP model
differ somewhat depending on the aspects of the features of the soliton/wave that are
being estimated; for instance, the velocity it would have, or changes in local denisty of
the lipid bilayer, or other features. Of special interest is the use of the changes in specific
heat capacity (ACp) associated with the lipid phase transition which is so essential for the
soliton/wave-AP model. Table 1indicates the equations presented in specific articles that
make direct use of changes in the specific heat capacity seen during lipid phase transition.
Changes in specific heat capacity are typically estimated by the use of differential scanning
calorimetry, and integration of ACp over arange of temperatures can then give an estimate
of the enthalpy of the lipid phase transition (Ivanova et al. 2001; Haynie 2008;
Heimburg 2007; Raudino et al. 2011). This use of the specific heat capacity is part of
the reason that these workers call this a “thermodynamic approach,” and as stated by
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Lautrup et al. (2011, pg. 1) they suggest that: “A primary virtue of a thermodynamic
description of pulse propagation in nerves lies in its predictive power. This is a natural
consequence of the fact that thermodynamics allows us to establish connections between
macroscopic thermodynamic observables without the need for detailed consideration of
their microscopic origins.” For instance, Schrader et al. (2002) notes that with knowledge
of the ACp, and so the enthalpy of lipid phase transition, other properties such as the
changes in elasticity, compressibility, and also the velocity of sound seen in the lipid
bilayer system can be estimated. Thus from the thermodynamic properties and relations
found to operate in lipid monolayer and bilayer systems, this soliton/wave-AP model
claims to be able to extend these relations to account for the features of action potentials
seen in neurons and other excitable cells.

2. Compositional influences.

This claim of broad application of the soliton/wave equations needs some
consideration. This claim has largely been based on data from a liquid crystalline to gel
phase transition in homogenous phospholipid bilayers made from just one lipid type
(Heimburgetal. 2005). But, when Schrader et al. (2002) suggest that there is no need to
consider specific compositions, is it really the case that no matter the composition
soliton/waves can be generated? This suggestion that the actual composition of the
system does not matter, as the relations put forward are said to apply broadly, and so
there is no need to consider the influences of individual molecular details is also stated by
others (Shrivastava et al. 2013; Schneider 2021). For instance, Fillafer et al. (2021, pg. 57,
original emphasis) states: “The universal character of the phenomenon, i.e. the existence
of nonlinear pulses in different cells and in simple model membranes indicates that
nonlinear excitability does not depend on specific molecules.” In contrast, others (Sankaran
et al. 2020) argue that the properties of a biological membrane are diverse and coupled
to differences in composition. The work of Gautier et al. (2013) found that feeding a
bacterium different types of fatty acids can induce alterations in the lipid composition of
its membrane leading to alterations in its lipid phase transition tendencies across certain
temperatures, suggesting that changes in composition may be altering something. Thus
the broad claims made by the advocates of the soliton/wave-AP model that composition
and specific molecular features do not matter, would seem to, again, be at odds with some
reported findings, and so this issue merits our attention.

Therefore, what follows in this section will be a consideration of how the properties
of lipid bilayers have been found to have more complexities related to their composition
than seems to be considered by the advocates of the soliton/wave-AP model. This will
include a consideration of how specific lipid types in homogeneous bilayers show various
features, how mixtures of lipids in bilayers can lead to new types of lipid phases and so
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new phase transitions between them, how interactions between different lipid molecules
can be significant, and then how the interactions of lipids with proteins or with the neutral
lipid cholesterol can lead to settings in which the expectations of the soliton/wave-AP
model that lipid phase transitions are universal may perhaps not be met. Also a claim of
the soliton/wave-AP model is that changes in the surface potential of the faces of a bilayer
would produce a change in the macroscopic transmembrane potential, in a pattern we call
an action potential; this claim will be questioned. The argument will be made is that
composition does matter, that the properties of bilayers that are mixtures, including the
highly complex mixtures seen in biological membranes, can be very different from those
seen in simple homogeneous lipid bilayers. ~And so there is a need to test the expectations
of the soliton/wave-AP model against various compositions to discover if it is limited to
certain compositions, or if indeed the claims of the advocates of the broad applicability of
the soliton/wave-AP model are upheld.
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2a. Compositional influences - specific lipid types in pure systems.

In terms of compositional diversity, the membranes of some archaea are reported to
have tetraether lipids which span the membrane, creating in effect a cell membrane that is
based on a lipid monolayer, and which in some species are reported to show no lipid phase
transitions (Chugunov et al. 2014). Other extremophilic archaea, such as Thermococcus
barophilus, have apolar lipids, such as DPG (2,3-di-O-phytanyl-sn-glycerol), which can
make very tough cell membranes to allow them to survive at very high temperatures and
pressures (Cario et al. 2015). There are reports that some archaean lipids may show
minor lipid phase transitions (Chong et al. 2012). But studies of liposomes produced
by extracts from some archaeans show a very low enthalpy of lipid phase transition, and
low lipid volume changes and low change in lateral compressibility across their phase
transitions relative to DPPC lipid bilayers (Chong et al. 2010). Koga (2012) also notes
that some archaeal membranes seem to lack phase transitions over a broad range of
temperatures. As the soliton/wave-AP model depends on a lipid phase transition this
may bring into question whether such soliton/waves would be able to be produced in such
archaeal membranes under physiological conditions? Whether or not the soliton/waves
detected during lipid phase transitions found in a DPPC lipid bilayer would then occur in
a biological membrane that is based on an ether-linked lipid monolayer, or based on other
lipid types from these archean extremophiles, may be an interesting question worth
exploring.

In addition, some homogeneous lipid bilayers display multiple phases and phase
transitions (Buehler 2016). For instance, the work of Lewis et al. (2007) reports that
tetramyristoyl cardiolipin (TMCL) bilayers have a lower temperature lamellar subgel (L.")
to gel (L) phase transition, and a higher temperature Lg to lamellar liquid-crystalline (La)
phase transition. Also when the TMCL phosphate groups are fully protonated, or when
their charges are well shielded by high concentrations of divalent cations, then a transition
from the La phase to a non-lamellar inverted hexagonal phase can occur. Thus there are
three lamellar phases displayed by bilayers made up of this one TMCL lipid, and Lewis et
al. (2007) reports differences in the thickness and in average molecular lipid area for these
three phases. Alsothe L./Lg phase transition on heating is found to occur faster than
does the phase transition Lg/ L seen when cooling. It may be of interest to examine if all
the possible phase transitions between pairs of these phases are each capable of
soliton/wave production, and if so whether different features of any resulting
soliton/waves are shown to be in correlation with the different phase transitions and with
the changing kinetics of transition seen for heating versus cooling for these transitions.
Similarly Lewis et al. (1993a) report for saturated phosphatidylethanolamine bilayers with
longer (> 18:0) fatty acid chains that at very high temperatures there can be a La to inverted
lamellar (Hu) phase transition that can occur, and Lewis et al. (2013) report that FTIR
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spectrometry can be used to detect such Hu and other phase states of bilayers. The Lewis
et al. (1993b) study notes that when the two fatty acid chains of the phosphatidylcholine
used in bilayers are uneven this can lead to a new subtype of gel phase being observed.
And Lewis et al. (2000) report for phosphatidyl serine-based bilayers the length of the fatty
acid chains used altered the mean transition temperature (ITm) seen, and that bilayers made
of this one type of lipid display L¢/La, Lo/Lg, and Lg/La phase transitions of differing Tms
and enthalpies of transition. Similar findings of multiple phases in pure lipid bilayer
systems are also noted by Matsuki et al. (2019). Thus even with bilayers made of just one
type of lipid there can be various phase transitions, and it would be of interest to see if all
of these different types of phase transitions are able to generate soliton/waves, or if some
of them can and others cannot. Thus the current soliton/wave-AP model which is based
largely on data from DPPC lipid bilayers under going a liquid-crystalline to gel phase
transition may need to be tested in these other contexts? If different transitions produce
soliton/waves with different features, this might add some complexity to this
phenomenon, and raise the question of just which sort of transition(s) should be the focus
of our attention when considering biological membranes?

2b. Compositional influences - various types of lipid mixtures.

The soliton/wave-AP model is based largely on a consideration of the liquid-
crystalline (Lc) to gell (Lg) phase transition of pure DPPC bilayers (Heimburg etal. 2005).
But as noted above even bilayers made from a single lipid type may show other forms of
phase transitions, and various studies have found that when certain types of lipids are
combined in mixtures to make an artificial bilayer that even more new types of lipid
phases arise. Thus changes in composition in bilayer systems have been related to the
different types of lipid phases that are found to be produced, and phase diagrams have
been published for various lipid combinations (Almeida et al. 1992; Nicolini et al.
2006; Almeida 2011; Kapoor et al. 2011; Konyakhina et al. 2013; Posada et al.
2014; Aghaaminiha et al. 2020). Obviously each of the phase transitions between
different phase pairs might be expected to be associated with distinctly different changes
in properties. This naturally leads to the question of whether any soliton/waves
generated by such phase transitions would all be equal in all their features as well?

In considering some of the relations put forward by Heimburg et al. (2005), Nicolini
et al. (2006; pg.255) comment: “It should be noted that such proportionality relations,
like that between enthalpy and volume changes at phase transitions, are probably not
universal for order-disorder transitions.” One question then is whether the equations
relating to the soliton/wave-AP models apply to other phase transitions where the
relations between enthalpy and other features may differ, and so Nicolini et al. (2006)
questions if the equations presented by Heimburg are truly universal for all types of lipid
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phase transitions. Thus it might not be unexpected that some of these lipid phase
transitions might not be well described by the current equations given for the soliton/wave
model. (Asa poor analogy, one might expect that equations describing the solid to liquid
phase transition of water would not work well in any attempt to describe water’s
transition from a liquid to a gaseous phase state.) Indeed Schrader et al. (2002) notes
that some transitions in a 50/50 mol% mix of DMPC/DMG lead to an inverse hexagonal
(Hu) non-lamellar phase state, and produces properties which they report did not seem to
fit well with the soliton/wave equations. This might suggest that the soliton/wave
equations used by Schrader et al. (2002) may apply better to bilayer-forming lipids and
their combinations, but not so well to phase shifts to non-bilayer states? If so, then it
might be reasonable to ask if the other types of lipid phase transitions seen in complex
lipid mixtures can all support soliton/wave production equally?

Of special interest would be the transition between the liquid-ordered (Lo) and liquid-
disordered (La) phase states, as these phases are suggested to be present in the plasma
membranes of some eukaryotic cells under physiological conditions (Simons et al.  2000;
Jinetal. 2005, Nicolinietal. 2006; Almeida2011; Kapooretal. 2011, Raudino et
al. 2011, Posada et al. 2014; Sierra-Valdez et al. 2016). As the current
soliton/wave-AP model equations are based on a liquid-crystalline (La) to gel (Lg) phase
transition, we might ask would these equations need modification in order to work well
for an Ld4/Lo phase transition? Thus the properties of bilayers made up of various
compositions, especially those that attempt to mimic the composition of biological
membranes, might be worth examining to see if the current soliton/wave-AP equations
work equally well in all of them, or if in some cases we might find that the production of
soliton/waves is not well supported. But while lipid model systems, such as giant
unilamellar vesicles (GUVs), of more diverse composition might be worth studying,
Sezgin et al. (2012, pg. 1783) offers the following note of caution: “Inspite of their value
for studying membrane phase separation in general, commonly used DOPC/SM/Chol
GUVs appear to be rather problematic models to mimic the cell membrane heterogeneity,
not only because of their limited complexity, but also due to the seemingly quite different
physical nature of the domains.”

An exploration of the various lipid phases, and transitions between them, might also
be of interest in terms of the specific changes in capacitance that Heimburg (2019) indicates
differ with different lipids examined. The current soliton/wave-AP model attempts to
account for the rise in capacitance seen during an action potential as being due to a lipid
phase transition. One problem with this is found on examining work by Antonov et al.
(2003), who report that a transition from a liquid-crystalline to a gel phase results in a
thickening of the plasma membrane, as also noted by others (Pagano et al. 1973;
Heimburg 1998), but which is associated with a decline in the bilayer capacitance. This
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is the exact opposite of what is seen during an action potential where capacitance rises, so
perhaps other phase transitions should be examined? Note that Paiva et al. (2016), using
atomic force microscopy, reports that the Lo phase is thicker than the L4 phase, so that any
La to Lo transition would also involve a thickening of that section of the membrane, and
presumably would also result in lowering of the membrane capacitance? Thus while the
current soliton/wave-AP model accepts that during an action potential there is a rise in
membrane capacitance, which is something that the modern electrophysiological-AP
model also accepts, the specific phase transition they use as the basis for the soliton/wave-
AP model predicts a decline in bilayer capacitance, as shown by Antonov et al. (2003), but
which is seemingly contradicted by the increase in capacitance actually noted during APs.
Obviously different transitions between different lipid phases might offer other changes
in capacitance than that seen in the liquid-crystalline to gel transition. Thus an
exploration of these other phases and of transitions between them would seem to be
needed if the soliton/wave-AP model is to account for the rise in capacitance that is known
to occur during AP firing? In contrast, while the soliton/wave-AP model attributes the
changes in membrane capacitance to a lipid phase transition, the modern
electrophysiological-AP model associates this change as being largely due to voltage-
dependent protein conformational changes. These two views need not be mutually
exclusive, but while there is good evidence for voltage-sensitive protein conformational
changes during an action potential (Jurisic 1987, Akemann etal. 2009), whether or not
any lipid phase transitions occur during an action potential and whether they are able to
account for the increase in capacitance that occurs during an action potential is still not
well established.

The advocates of the thermodynamic/theory-based approach have suggested that
changes in state should result in distinct properties and functions (Schneider 2020, 2021).
Thus one would think that with the finding that in more complex compositional mixtures
of lipids more types of lipid phases are produced, representing differences in state, they
might be expected to embrace this as an illustration of their argument? Each of these
distinct lipid phases presumably have their own distinct properties, and transitions
between pairs of these lipid phases might also be assumed to be distinct. Arrais et al.
(2007) examined several lipid phase states in bilayer systems and describes how their
features differ from each other. Indeed, Almeida (2011) has reported that the free energy
change for an La/Lo phase transition is different from that from an Las/gel phase transition,
a finding also noted for other phase transition pairs by McMullen et al. (1999).
Presumably then the changes in width, thickness, alteration in exposed surface charges,
viscosity, etc., of a lipid bilayer might all differ depending on which pair of lipid phases
are engaged in a specific phase transition. This would seem to suggest that a study of
these phase states and the nature of the transitions between pairs of them should be a
major focus of the advocates of the soliton/wave-AP model to see if these different changes
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between different pairs of phases would all support the waves they suggest should occur.
Yet, this seems not to have yet been a focus of study by them. In the main, these good
people seem to assume that a Ld/Lo phase transition is just like a liquid crystalline/gel
phase transition (Jackson et al. 2020), which is quite an assumption, and seems to be in
need of testing. Even if each of these distinct transitions in lipid bilayers of different
compositions can support a soliton/wave, then it might be that each transition type
produces waves of different amplitudes, durations, speeds, and therefore might this not
add some interesting diversity to this phenomenon? Here is a chance for these good
people to show how changes in state, found in more complex compositional mixtures,
may result in diversity in transition-related phenomena. It should be noted that other
systems, aside from lipids, are reported to have multiple phases that they can display often
in association with compositional changes (Mathieu et al. 2020; Su et al. 2022;
Webber 2022; Zhou et al. 2022). Meanwhile, in biological membranes it might be
interesting to consider if the diverse composition of different biological membranes leads
to there being new lipid phase states with new properties, perhaps ones not yet discovered
via study of simple artificial lipid bilayer systems?

2c. Compositional influences - interference with phase transition cooperativity.

Another interesting outcome with the use of mixtures of lipids and other membrane
resident molecules is that different molecules can interact with a given lipid type, and this
can alter the ability of that lipid population to engage in the cooperative interactions
needed to achieve a phase transition. Thus, again, complex compositions lead to new
features emerging which might not be displayed in bilayers made of just one lipid type
alone as new combinations of lipids may influence the lipid-lipid interactions that take
place (Hac et al. 2005). For instance, Gudmand et al. (2009) note that the addition of a
Did-Cis marker to a DPPC bilayer shifted the peak of the lipid phase transition to lower
temperatures and broadened it. The effect of the addition of new molecules on a lipid’s
phase transition features is also seen in studies in which two lipid molecules, each capable
of engaging in liquid-crystalline to gel phase transitions, are present in various
combinations in one bilayer (Fidorra et al. 2009; Heimburg et al. 1992). This effect
will next be described in fuller detail.
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Figure 1. A illustration of the pattern of differential calorimetry data with different mole percent
mixtures of two hypothetical phase changing lipids (“A” and “B”) which only show a heat capacity
peak for the one lipid that is in preponderance and show no heat capacity peak for the lipid that
is in the minority. For specific examples of actual data see; Fidorraetal. (2009, Fig. 4) for a study
using POPC/pb-cerebroside mixtures, and Heimburg et al. (1992, Fig. 1) for data from bilayers
made of mixtures of DMPC/DMG lipids.

As an illustration of this effect, as would be seen via use of differential scanning
calorimetry, consider the following hypothetical as given in Fig. 1: Here lipid “A” when
in a pure state has a phase transition at a lower temperature, and lipid “B” when in a pure
state has one at a higher temperature. With the addition of lipid “B” to lipid “A” the
height of the specific heat, Cp, peak associated with the phase transition of lipid “A” is
seen to decrease. There are two likely reasons for this decrease. One is that with the
addition of lipid “B” there is a lower proportion of lipid “A” present on a mole basis in
the system to undergo phase transition, and so the Cp peak observed decreases with lower
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molar fraction of lipid “A” is present. If this dilution effect was the sole reason then one
might expect that at an “A”/”B” mixture of 50/50 mol% the Cp peak for lipid “A” would
be roughly half that seen with pure “A” and when integrated across this peak to get the
total heat of transition it should be half that of pure “A,” but when put on a per mole basis
of lipid “A” should be unaltered. Notice that this is not what was seen in the two studies
noted (Heimburg et al. 1992; Fidorra et al. 2009), rather they report, as illustrated in
Fig. 1, that in some combinations of lipids once the proportion of “A” in the mixture drops
below 50 mol% of the bilayer its phase transition is no longer detectable as no Cp peak is
evident. This is often interpreted to mean that at this point every molecule of lipid “A”
isno longer interacting just with other “A” molecules, but has significant interactions with
lipid “B” instead. This interaction with a different molecular type is thus suggested to
interfere with the cooperativity needed for a lipid phase transition to occur. Thus when
the mol% of lipid “A” is lower than that of lipid “B” there are no indications in the
differential scanning calorimetry scan of a phase transition for lipid “A.” Notice also that
lipid “B,” when present below 50 mol% likewise does not show phase transitions, but once
above 50 mol% lipid “B” will have many lipid “B” molecules engaging in predominately
interactions with just other lipid “B” molecules and so starts to show a Cp peak as a sign
of a lipid phase transition while none is seen at the lower temperature for lipid “A” which
isnow at too low a mol% to have significant “A”-to-“A” interactions (Fig. 1). This pattern
indicates, yet again, that features we might expect to be displayed based on study of pure
lipid bilayers may be somewhat altered when two or more lipids are combined in certain
ways to make the lipid bilayer. Thus, composition influences the features we actually
observe, and this raises the question of whether the complex compositions seen in
biological membranes also may produce unexpected influences, which implies that
caution may be needed in extrapolating from simple to more compositionally complex
systems.

2c¢(i). Protein’s influence on lipid cooperativity.

In addition to mixtures of phase-transitioning phospholipids, molecules of other
types might be added to a phospholipid bilayer, molecules which do not themselves
engage in phase transitions but still may influence the features seen in the bilayer system.
One example of biological relevance is the influence of proteins on the lipids” abilities to
display a phase transition. Biological membranes are known to have roughly half their
mass accounted for by proteins of various types, and these are noted to interact with the
surrounding membrane lipids (Heimburg et al. 1993). Therefore it is not surprising
that many studies have reported that both peripheral (Heimburgetal. 1999) and integral
membrane proteins or peptides (Heimburg et al. 1996; Prenner et al. 1999;
Heimburg 2000; Ivanovaetal. 2001; Zuckermannetal. 2001; Oliynyketal. 2007;
Rosetal. 2013; Posadaetal. 2014) when added to phospholipid bilayer systems can
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alter the properties of the lipid phase transitions seen in the bilayer. Heimburg et al.
(1994) note that adding cytochrome c to a DMPG bilayer system, in addition to lowering
the ACp of the DMPG phase transition, also lowered the changes in viscosity seen in the
lipids across its phase transition. In addition, Canadas et al. (2008) report that the
addition of surfactant protein A to rough lipopolysaccharide membranes, with 150 pM
CaClz present, resulted in the lowering of the ACp as observed by differential scanning
calorimetry. When a high enough content of protein is achieved it is sometimes reported
that the ACp peak associated with a normal lipid liquid-crystalline to gel phase transition
is lowered in amplitude (Banigan et al. 2018), broadened across a wider temperature
range (Heimburgetal. 1994), and in some cases eliminated entirely (Winter etal. 2005).
Even the addition of certain amino acids, or phosphocreatine, have been reported to
significantly alter liquid-crystalline to gel transitions in phospholipid vesicles (Rudolph et
al. 1986; Tokarska-Schlattner et al. 2012). Some proteins have been reported to be
able to prevent the rise in permeability that is often associated with lipid phase transitions,
presumably by preventing lipid pore formation, and such proteins are suggested to allow
some organisms to survive extreme cold (Hays et al. 1996; Tomczak et al. 2002);
which seems to imply that some features normally associated with a lipid phase transition,
such as lipid pore formation, may be uncoupled from the phase transition and prevented
from arising when in association with specific protein types? Xu et al. (2013) report that
IgM proteins can influence the dynamics of lipid rafts in the plasma membrane of neurons.
Finally, Honigmann et al. (2014) concluded that lipids in the plasma membrane have
strong interactions with local proteins, enough perhaps to alter the lipid distribution
laterally. Thus, based on these reports, it seems reasonable to suggest that differences in
the composition of a lipid bilayer system may be associated with differences in the
properties it displays, which seems to run counter to the claims made by the advocates of
the soliton/wave model that composition would not significantly alter lipid phase
transitions or the resulting waves they suggest to be happening.

There would seem to be good reason, then, to suggest that testing whether or not the
soliton/wave-AP model can operate in a lipid bilayer system that contains significant
levels of typical membrane proteins, both peripheral and integral, needs to be done? This
is especially relevant as the high protein content in biological membranes is noted to alter
the enthalpy of lipid phase transitions in living cells Livingstone et al. (1980), and it will
be recalled that this enthalpy change, as estimated by integrating across the ACp seen, is
used in the equations for the soliton/wave-AP model (Table 1). These equations thus
imply that if the enthalpy of lipid phase transition is altered the ability to form
soliton/waves with certain features may also be altered?

2c(ii). Cholesterol influence on lipid cooperativity.
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Another molecular type that is widely reported to be present in many biological
membranes, especially in the plasma membrane of neurons, is cholesterol (Welti et al.
1981; Mouritsen et al. 2004; Orth et al. 2012; Lange et al. 2013;  Buehler 2016;
He et al. 2017), and it is noted to also alter the lipid phase transition and bilayer
properties in several ways (Arrais et al. 2007). When low amounts of cholesterol are
added to a phospholipid bilayer system, it causes a lowering of the Cp peak seen in
differential scanning calorimetry data and broadens the temperature range of the phase
transition (Genz et al. 1986; Heimburg et al. 1996), and with higher cholesterol
content the detected enthalpy of the phase transition vanishes (Melchior et al. 1976;
Almeida etal. 1992; Halstenbergetal. 1998; McMullenetal. 1999; Bhattacharya
et al. 2000; Grabitz et al. 2002; Mills et al. 2008; Fidorra etal. 2009; Benjwal et
al. 2010; Almeida 2011; Peters et al. 2017; Al-Rekabi et al. 2018). In biological
membranes, Bali et al. (2009) report that only when cholesterol was removed from the
plasma membrane of platelets was evidence of lipid phase transitions obtained.
Similarly, the presence of cholesterol in the plasma membrane of human platelets was
reported by Tsvetkova et al. (2000), and the removal of much of this cholesterol was found
to alter the conditions under which they could detect a lipid phase transitions by FTIR.
This is consistent with the earlier work of Welti et al. (1981) who report that no lipid phase
transitions were found in normal plasma membrane, and such phase transitions only
appeared after much of the sterol was extracted from the membrane.

Other bilayer properties can also be influenced by the presence of cholesterol. The
presence of 40 mol% in a DPPC bilayer is reported to greatly reduce the bilayer’s
permeability (Mouritsen et al. 2004). Winter et al. (2005) point out that the presence of 30
mol% or more cholesterol in a phospholipid bilayer can suppress the ability of applied
pressure to induce a lipid phase transition. The Marsh (1996) article notes that
phospholipid bilayers that contain cholesterol have a higher compressibility modulus than
do bilayers of pure phospholipids. Jin et al. (2006) notes reports that in lipid bilayers
cholesterol can influence the bilayer’s dipole potential. Alm et al. (2015) in addition to
noting that high cholesterol content can eliminate the lipid gel phase, also report that it
can influence the pore inducing abilities of a small peptide added to the bilayer. Al-
Rekabi et al. (2018) reports that with higher cholesterol content the stiffness and viscosity
of a DPPC bilayer rises. Peters et al. (2017) note that bilayers with a high cholesterol
content also removes the changes in volume expansion that normally would be expected
to indicate a lipid phase transition, and notes that no phase transition was detected by
neutron scattering methods in bilayers with high cholesterol content. Both Ma et al. (2018)
and Kashirina et al. (2020) report that the viscosity of regions in the cell membrane can be
greatly influenced by the local cholesterol content. The lipid content in biomembranes
differs between cell types and membrane types (Lange et al. 2013), but in general the
plasma membrane of neurons, and other animal cell types, have a relatively high
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cholesterol content, often in the range of 35-50 mol% of the membrane lipid fraction
(Melchior et al. 1976; Livingstone et al. 1980; Jones et al. 1995, He et al. 2017;
Amsalem et al. 2018; Lu et al. 2018), and thus only biological membranes with
relatively low cholesterol content are viewed as being able to display major lipid phase
transitions (Bali et al. 2009). Therefore, the bulk of this work shows that when 40-50
mol% cholesterol is added to a phospholipid bilayer system the differential calorimetry
scanning data indicates a loss of any Cp peak, and most workers take this to indicate that
there is an absence of any lipid phase transition in such a system. Indeed, Drukarch et
al. (2021) make the suggestion that such a high cholesterol content in a biological
membrane might account for why, in the view of the soliton/wave-AP model, no APs are
found in such cell types as no lipid phase transitions would be expected to occur, which
would seem to preclude their happening in neuron plasma membrane?

Once again, it should be recalled that the equations used under the soliton/wave-AP
approaches (Table 1) make use of the changes in specific heat capacitance, ACp, of the lipid
phase transition in their calculation of many of the soliton/wave-AP features. Taken as
given, these equations would suggest that if the change in Cp is zero compared to the
baseline in the differential scanning calorimetry data then no lipid phase transition occurs.
Notice that the lack of a phase transition in a lipid bilayer of certain compositions does not
violate these equations, but it would imply that in some contexts the occurrence of
soliton/wave phenomena may be unlikely due to the system’s composition. One such
context that may not show lipid phase transitions, and be unable to display a soliton/wave-
AP, may well be the plasma membrane of neurons due to its high cholesterol content?
This indicates the need to test carefully whether or not in the plasma membrane of neurons
a lipid phase transition is indeed happening during AP firing under normal physiological
conditions.

2d. Compositional influences - changes in surface charge densities and potentials.

One interesting feature of the soliton/wave-AP model involves its suggestion that
transmembrane voltage changes should occur during the phase transition which is
associated with the passage of a soliton/wave. During the lipid phase transition the local
volume per lipid molecule changes, and this is argued to alter the local surface charge
density which in turn produces a surface electrical potential change on each face of the
membrane. A difference between these potential changes on these two faces is then
argued to account for the changes we observe as an action potential (Heimburg et al.
2006; Mussel et al. 2019a, 2021). There are two issues we need to explore relative to
this model’s views on surface potential changes as a means to account for the electrical
features of an action potential; one has to do with composition, while the other is more
fundamental and has to do with the nature of the surface potential itself.
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So starting with the compositional issue. Obviously, if a flat phospholipid bilayer is
used as a model and if it is homogeneous laterally, and symmetrical in terms of having
similar surface charge densities on each of its faces, then with the passage of a lipid phase
wave each face of the bilayer might be expected to give similar changes in surface potential,
which might imply that the surface potential changes would be symmetrical and so cancel
each other out and not lead to a net change in the potential across the bilayer. Thus to
get a net potential change across the bilayer it seems necessary to assume that there is a
surface charge density difference between the two faces of the model bilayer, which
implies a need for the two faces to differ in composition. This is the assumption that
Heimburg et al. (2006) and Mussel et al. (2019a, 2021) make in their calculations on this
matter. Thus, a lipid bilayer that is made of just one lipid type might not be expected to
show a net change in the transbilayer electrical field with the passage of a soliton/wave.
This seems to imply that the production of net surface potential differences with lipid
phase changes is not always assured, but rather is dependent on compositional specifics
of the two faces of a bilayer. Indeed, Belosludtsev et al. (2015) notes how changes in the
phospholipid composition of vesicles can alter the surface potentials detected. This
composition effect might also be seen in the report of Griesbauer et al. (2012) where a
pressure pulse applied laterally to a DPPC monolayer produced a surface potential shift
of 3 mV, but when the same procedure was applied to a monolayer made from lipids
extracted from pig brain, the surface potential shift was just 0.1 mV, implying monolayers
of different composition may respond differently when stressed. Bilayers with lipid
charge densities of various degrees on one face versus the other might then produce
various net electric surface potential changes with soliton/wave passage. Thus to get a
soliton/wave passage to create a net local electric field change that would be similar in
orientation and magnitude to that of an action potential it may be that only certain lipid
compositions and charge density distributions between the two faces of the lipid bilayer
are acceptable. This would seem to suggest that certain boundaries of compositional
differences between the faces of a membrane would be expected to exist in order for the
soliton/wave-AP model to account for the observed electrical features of APs?

This also implies that if a soliton/wave were to pass along a biological membrane,
which is heterogenous in composition along its length as many suggest that it is (Brown
et al. 1998; Simons et al. 2000; Sahl et al. 2010; Keren 2011; Tsai et al. 2012;
Balycheva et al. 2015; Buehler 2016; Gulledge et al. 2016; Rasband et al. 2016;
Heetal. 2017, Luetal. 2018, Maetal. 2018, Muzi¢etal. 2019; Sankaran et
al. 2020; Sengupta et al. 2020; Eisenberg et al. 2021; Galassi et al. 2021), then it
might be expected that any net membrane surface potential changes would vary with local
composition, thus shifting with location. This might imply that any soliton/wave-AP
would be expected to shift in amplitude as it moved along a neuron and encountered local


https://doi.org/10.20944/preprints202208.0248.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 August 2022 d0i:10.20944/preprints202208.0248.v1

Meissner: Additional proposed tests o£ ihe soliton/wave-action potential model.
compositional differences. Leonenko et al. (2009) notes that even for a simple lung
surfactant system the observed surface potentials differ laterally, and especially high
cholesterol content can alter the surface potential significantly, showing again that
composition changes are related to altered properties. Some cells are noted to alter their
lipid composition when under nutritional stress, for instance some bacterial when starved
for phosphorous will put non-charged lipids into their plasma membrane that do not
contain phosphorous (Sebastian et al. 2016). This might be expected to alter the surface
charge density of the plasma membrane, and might then be expected to alter any surface
potential changes as well. Indeed, changes in chain length of a phospholipid is noted to
significantly alter the change in specific heat capacity seen with lipid phase transition
(Schneider et al. 1999), and, given that the equations for the soliton/wave-AP model
make direct use of the value of the ACp (Table 1), how such changes in membrane lipid
content upon changes in growth or environmental conditions, or in nutritional status
(Kékela et al. 2008; Martiniere et al. 2011; Lehmann et al. 2020; Vayghan et al.
2020), might then influence the ability of the soliton/wave-AP model to operate would
seem to need some consideration?

Another potential issue for the soliton/wave-AP model lies in the pattern of change
typically displayed by an action potential. Many APs typically show a shift of membrane
potential away from a resting potential that is negative, towards at the AP peak actually
having a positive potential (Hodgkin et al. 1939; Huxley 2002a). The modern
electrophysiological-AP model accounts for this by noting that the Nernst potential across
the membrane for Na* is typically positive, and early in many APs the Na* current
dominates and so the membrane potential swings towards this positive potential. The
good people who advocate for the soliton/wave-AP model have not, yet, identified just
what compositional/structural differences between the two faces of a lipid bilayer, let
alone in a biological membrane, would be required during a lipid phase transition to
actually shift the membrane potential from a negative to a positive polarity as seen in APs.

This, again, suggests that the soliton/wave model may have boundaries on its
composition if its goal is to account for something like the net electrical field changes that
are seen during an action potential produced in a mammalian neuron. It might be
possible to approach these matters using lipid bilayer systems of more complex
composition than the simple homogeneous bilayers that have been used as the basis for
the soliton/wave-AP model. Black lipid membranes, made in the manner suggested by
Montal et al. (1972), and as done by Gutsmann et al. (2015), might be produced with
different compositions on each face and might then be taken through phase transitions
with the net effect of any surface potential changes on the transbilayer potential monitored,
for instance. How such changes would then be influenced by composition would be of
interest to explore.
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Figure 2. Three types of electrical potentials found in membranes. Of these the
transmembrane potential, Ay, is the only one that extends across macroscopic distances. The
dipole potential, 4, is found only within the membrane itself. And the surface potential of each
face of the membrane, 15, extends only about 1 nm out into the external solutions as charged items
and dipole molecules obscure and shield it. Based on the work of Wang (2012) and Galassi et al.
(2021).

The second issue relating to the claim by the soliton/wave-AP model that the surface
potential changes during a lipid phase transition can account for the action potential has
to do with the nature of the surface potential itself, and how it differs from the membrane
potential. The membrane potential is a transmembrane potential, and it can be
monitored via the use of a pair of microelectrodes, with one in the external solution versus
one inserted into the cell’s cytosol. Fig. 2 illustrates that the transmembrane potential is
a difference between the potential of the two bulk solutions on either side of the membrane
and so is a macroscopic potential. This macroscopic nature is indicated by the ability of
transmembrane potential changes to be monitored using microelectrodes that are often
micrometers away from the plasma membrane across which the membrane potential
exists, and also by the use of external electrodes positioned at a considerable distance away
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from the cells that are generating action potentials, as seen in EEG recordings (Cavanagh
2018). In contrast, surface potentials are microscopic potentials (Fig. 2), and their
influence is limited to within a nanometer or so of the membrane surface (Wang 2012;
Galassi etal. 2021). This limitation is due to both the shielding effect of water, which is
a significantly dipolar molecule, and of ions present under normal physiological
conditions; with divalent cations, such as calcium ions, having significant shielding
effects (Ohshima et al. 1985, Marsh 1996; Oldham 2008; Tsai et al. 2012;
Belosludtsev et al. 2015; Lu et al. 2016; Ma et al. 2017b; Galassi et al. 2021;
Wieseretal. 2021). Thus whatever surface potential changes might occur during a lipid
phase transition, their influence would just be expected to extend out to a distance of
under a nanometer in normal solutions. Indeed, Adelroth et al. (2004) suggests that the
influence of charged groups may extend about 7 A due to ionic screening effects. Of
course, such surface potential changes may have significant influences locally. A surface
potential may, for instance, induce an outer layer of counterbalancing ions, a sort of double
charge layer (Delahay 1996; Buehler 2016; Wieser etal. 2021), forming a layer of local
higher ionic concentration, which may influence the activity of some proteins (Yeung et
al. 2006). The local nature of this surface potential is seen by the type of methods used
to detect it (Chen et al. 2020); one is the atomic force Kelvin probe method (Leonenko
et al. 2009; Griesbauer et al. 2012; Tsai et al. 2012; Birkenhauser et al. 2014;
Fichtl et al. 2016; Mesquida et al. 2018), or via electrophoresis of vesicles
(Belosludtsev et al. 2015), or by the use of fluorescent probes (such as ANS) that are
sensitive to surface potential changes (Paez et al. 2013). Thus, unlike the normal
transmembrane potential changes seen during an action potential, the surface potentials
are microscopic, and often not detectable by microelectrodes which are typically placed
too far from the membrane surface to detect them.

Also given that several studies (Leonenko et al. 2009; Mesquida et al. 2018;
Galassi et al.  2021) note that proteins can contribute to the membrane surface potential,
it may be that changes in protein conformations induced by the AP itself might occur.
And thus any changes in surface potential found to be occurring during an AP might be
viewed under the electrophysiological-AP model as a secondary feature, and would be
local and not contributing to transmembrane potential significantly. In contrast, the
soliton/wave-AP model suggests that the magnitude of the surface potential difference
changes seen during any presumed phase transition should be similar to that seen during
an action potential. Explicit tests of this issue would, of course, be welcome.

Thus the advocates for the soliton/wave-AP model are, once again, making a major
claim that would overturn established findings; in this case, that surface potential
changes in biomembranes contribute to the macroscopic transmembrane potential and
that such changes are detectable by microelectrodes (Heimburg et al. 2006; Fichtl et al.
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2016; Mussel et al. 2019a). It might be well if the good people who advocate for the
soliton/wave-AP model would produce measurements that support this claim? Perhaps
they might show this by using microelectrodes to monitor changes in the transbilayer
potential of an asymmetric black lipid bilayer undergoing a phase transition with the
presence of screening ions at normal physiological concentrations? Antonov et al. (2003)
in a study of the changes in lipid bilayer capacitance during temperature induced changes
in lipid phase did not report any shift in transbilayer potential in association with the lipid
phase changes. The advocates for the soliton/wave-AP model might wish to repeat such
work, and see if they can confirm that transbilayer potentials of the magnitude seen in an
action potential can indeed be observed with lipid phase changes in asymmetric lipid
bilayers and explore what compositional differences between the bilayer faces would be
needed?

We might also get at this issue of whether or not the surface potentials contribute to
the transmembrane potential by examining its influences in a living cell. Eisenberg et al.
(2021) note that the plasma membrane of cultured mammalian cells typically has anionic
carbohydrates on its outer face, and reports that treatment with neuroaminidase removes
these charged groups and so alters the surface potential, and this approach for altering the
surface charges on one membrane face is also suggested by de Lichtervelde et al. (2020).
Under the soliton/wave-AP model would such a neuroaminidase treatment to the outer
face of the plasma membrane of a cultured neuron cell then lead to an alteration in the
features of the AP seen? Also, recently the advocates of the soliton/wave-AP model have
reported that the cooling of cultured neuron cells, to well below the normal physiological
range, yielded data that seem consistent with a lipid phase transition (Fedosejevs et al.
2022). The soliton/wave-AP model would predict that above the phase transition
temperature the plasma membrane would be in one phase and so display one
transmembrane potential, but then by cooling the cell to below that transition temperature
the lipids of its plasma membrane should shift into another lipid phase with a different
set of surface charge density differences between its two membrane faces. If the
soliton/wave-AP model is correct, then this change in surface charge densities with
changes in lipid phases should result in a detectable change in the magnitude of the
plasma membrane potential, and should be expected to be similar in magnitude to the
swings in membrane potential changes seen during an action potential. Holding the
cultured neuron cell at a warmer temperature would thus be expected to produce one
transmembrane potential, close to the normal resting potential, while cooling the cell
down below the temperature at which the lipid phase transition occurs would then be
expected to move the transmembrane potential closer to the peak seen during an AP, and
keeping the cell cool would then be expected to hold it at this new transmembrane
potential. The advocates for the soliton/wave-AP model may wish in this way to test
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their assertion that differences in changes in surface potentials account for changes in the
transmembrane potential in living cells?

2e. Summary: Implications of compositional influences on phase transitions
for the soliton AP model.

The arguments presented above indicate that once we move away from pure
homogenous lipid bilayers made up of just one lipid type that things can get very
complicated indeed. Conditions that in a homogenous lipid bilayer would induce a lipid
phase transition, might fail to induce a phase transition when a mixture of lipids are
present in the bilayer, or when proteins are added. Also in mixtures the formation of
new types of lipid phases arises, which implies new phase transitions between various
pairs of lipid phases might be possible. The implication of these data from studies of
phospholipid bilayers of various compositions for the application of the soliton/wave
model to biological membranes is that a lipid phase transition of a pure homogenous
bilayer in vitro may not indicate whether or not such a transition occurs in a biological
membrane in vivo. This is due to the presence of other molecular types in the biological
membrane that might interfere with the intraspecific molecular cooperativity needed for
a lipid phase transition, and so the lack of a phase transition might indicate that there
would be no soliton/wave related phenomena in certain biological membranes. Thus
while there is good evidence of certain types of simple phospholipid bilayers being able
to display lipid phase transitions, and so exhibit soliton/waves and their associated
phenomena, there is also good reason to question if this truly happens in the mixtures of
molecular types found in many biological membranes. Indeed, while recognizing the
use of lipid bilayer and monolayer systems in our studies of membranes, Feigenson (2007)
suggests that it is inappropriate to assume that the features found in such simple systems
translate directly to biological membranes. Thus, it would be of interest to create lipid
bilayers that more closely mimic the more complex composition of biological membranes.
This might allow tests of whether any lipid phase transitions occur, while noting the
differences in phase transition characteristics that might be displayed when transitioning
between various pairs of lipid phases. The range of changes, while still within
physiological conditions, that can induce phase transitions might then be identified.
Therefore, without considering the composition of the membrane to be modeled, it might
be inappropriate to conclude from the results so far obtained using pure homogeneous
phospholipid bilayer systems just what will happen in a biological membrane. Thus
composition may matter greatly in these cases, and the claims made by the advocates of
the soliton/wave-AP model that its equations apply to all bilayers and membranes
universally no matter their composition are still open to questioning.

3. On several claims of lipid phase transitions in biological membranes.
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The soliton/wave-AP model makes the assumption that in biological membranes
something like a liquid-crystalline to gel phase transition occurs, and so a soliton/wave
based on a lipid phase transition happens. This assumption has been questioned as it
seems to fly in the face of many reports in the literature which imply that lipid phase
transitions are damaging to cells and so are kept rare (Meissner 2018). There are several
recent reports that claim that such lipid phase changes occur in the plasma membrane of
excitable cells. Fedosejevs et al. (2022) presents some credible evidence of detecting a
lipid phase change in a neuron, but its association with action potentials is not yet clearly
established. Mussel et al. (2021) in their review suggest that the work presented by
Shrivastava et al. (2020) in a preprint (which considers selected evidence presented in Lee
et al. 2017) as being consistent with a lipid phase transition in the neuron plasma
membrane in association with an action potential. And, both Heimburg (2021) and
Jackson et al. (2020) cite MuZi¢ et al. (2019) as presenting evidence for lipid phase
transitions occurring in biological membranes. As these claims are quite relevant to the
soliton/wave-AP model as an explanation for the action potential in neurons, it is
appropriate to next consider this evidence. In this section, the focus will be mainly on
the Muzi¢ et al. (2019) study in terms of some technical issues that might have
strengthened it, as well as how its findings might be viewed relative to physiological
conditions. Some of the other claims about lipid phase transitions occurring in biological
membranes will then be touched upon in section 4.

3a. Claims of lipid phase transitions - Methodological issues.

MuZic et al. (2019) used extracts from nervous tissue of several species as their sample
material. One issue that arises when isolating any sample from a biological source is that
of degradation during the isolation process. There are various enzymes, lipases and
proteases, that can be activated during extraction. So a good practice is to include from
the start of the isolation process known labeled molecules, either lipid or protein, which
can then be checked at the end of the process to see if degradation is a major issue.
Prenner et al. (1999) also note that the passage of such an extract through the range of
temperatures typical of a differential calorimetry scan can result in the cleavage of some
types of lipids, which may then alter the phase transition features of a sample. However,
Muzic¢ et al. (2019) made no use of these sorts of controls to check for degradation during
isolation or measurements. Therefore, we have no way of knowing if the sample they
obtained was intact, degraded, if there were lipases and/or proteases still present and
active when they took their measurements, or if the carrying out of calorimetry induced
changes in the lipids and so in their properties. If enzymatic degradation of the sample
was ongoing, then the data collected from the sample might be expected to shift over time
leaving open the question of whether what was observed represents the conditions found
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in the original source or if it reflects the influence of degradation products created during
isolation of the sample and so are artifacts of isolation or of measurement. Thus the use
of added known lipid and protein markers as controls to check for potential degradation
would have been helpful.

In terms of the material used, Muzic¢ et al. (2019, pg. 6) state: “We have chosen
central brain and spinal cord tissues because we assume that in these tissues most
membranes are involved in signal conduction. However, we cannot distinguish different
membranes. Our results represent an average over all types of membranes in the tissue.”
A simple homogenization was thus used, and this included material from non-excitable
as well as excitable cells. And this approach also lumped together material from the
plasma membrane with all the internal membranes of the cell, including the endoplasmic
reticulum and others, as well as all the cells’” soluble components such as proteins and
ribosomes. Clearly, it would have been better if the crude homogenate had been
fractionated so that a purified plasma membrane fraction could have been obtained.
Such a process of fractionation typically involves identifying the plasma membrane
fraction by the use of enzymatic markers, and the checking of enzymatic markers from
other membranes of the cell so that contamination of the plasma membrane fraction by
endoplasmic reticulum, mitochondria, lysosomes, etc.,, can then be done to assess
purification, as done in the work by Livingstone et al. (1980) and by Roy et al. (1997). The
use by MuZzic et al. (2019) of a unpurifed homogenate leaves open the question whether
any findings they obtain can be attributed to just the plasma membrane of excitable cells.
Thus as Muzi¢ et al. (2019, pg. 9) themselves state: “An important caveat in the
interpretations of our data is that they are not obtained from clean membrane
preparations.” Thus it is not clear if their results should be attributed to a specific cell
type, or to a specific membrane type, or even to certain soluble factors found in their
homogenate. This is critical, as lipid bilayer systems, and so by extension plasma
membrane fractions, with a high cholesterol content might not show a clear phase
transition via differential scanning calorimetry (Peters et al. 2017), while samples
derived from the endoplasmic reticulum are reported to be lower in cholesterol
(Mouritsen et al. 2004) and so might be producing much of the differential scanning
calorimetry (DSC) signal that Muzic et al. (2019) report. This ambiguity as to which
membrane may account for the DSC signal might have been largely avoided if neuronal
cells of a specific cell type had been grown in culture to a stage where they could display
action potentials, and then harvested and the plasma membrane fraction purified from
them for study. Otherwise the use of such a broad homogenate by MuZic¢ et al. (2019)
seems to preclude definite conclusions about specific source(s) of any data obtained, and
so makes much more difficult the addressing of the central question of whether or not in
the plasma membrane of excitable cells there is any lipid phase transition occurring under
physiological conditions in association with the action potential firing.
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Thus with a crude homogenate as their starting material, Muzi¢ et al. (2019) then
proceed to apply the method of differential scanning calorimetry (O’Neill  1966;
Heimburg 2007; Haynie 2008), and attempt to discern if across the conditions they apply
there is evidence of any sort of lipid phase transition. This was done by noting the
presence of peaks in the specific heat capacity (Cp) that may occur across a scan relative
to a designated baseline [for a summary of how setting such a baseline is typically done
see the supplemental material for MuZic¢ et al. (2019), as well as the article by Ivanova et
al. (2001)]. However, differential scanning calorimetry in addition to being used to
examine lipid phase transitions can also be used to assess changes in protein
conformations and even changes in folding of nucleic acids as exist in isolated ribosomes
(Heus et al. 1983; Gluick et al. 1994; Shnyrov etal. 1997; Krupakar et al. 1999;
Bonincontroetal. 2001, Leeetal. 2002; Nguyenetal. 2006; Gilletal. 2010). It
should be recalled that protein conformational changes are an essential part of the modern
electrophysiological AP-model, and so voltage sensitive domains in proteins shift their
positions due to stress placed on them with changes in the transmembrane potential.
Such protein conformational changes largely involve intramolecular interactions, and so
may be argued not to represent phase transitions. Phase transitions may be argued
instead be due to altered patterns of intermolecular interactions happening in the bulk
solvent (i.e., between water molecules, or between lipids in a bilayer or membrane). This
distinction matters in terms of how much cooperativity might occur. In this regard it
should be noted that calorimetry studies of protein conformational changes have reported
that some of their changes can be irreversible, and so characterized as causing the
irreversible denaturation of the protein, but it is also reported that many proteins show
reversible conformational changes across several calorimetric scans (Akiyama et al.
2020).

Thus a major issue in the work of MuZi¢ et al. (2019) is how to characterize any
specific heat capacity peak their calorimetry scan detects in terms of whether it is due to
lipid phase transitions or changes in other molecules, and they attempt to do this in two
ways. First, Muzi¢ et al. (2019; pg. 2) claim that the pressure treatments applied while
doing differential scanning calorimetry can be used to distinguish which Cp peaks are
from lipid phase changes and which are from protein conformational changes. This is a
potentially significant issue as it has previously been reported that protein conformational
changes can have detectable enthalpy changes (Heimburg etal. 1991), so both lipids and
proteins can contribute significantly to differential scanning calorimetry data. Indeed,
Grabitz et al. (2002, pg. 308) state: “A further complication is that, in calorimetric
experiments, it is difficult or even impossible to distinguish heat-capacity events
originating from lipids and from proteins.” So to support their claim of being able to
distinguish via pressure treatments which differential scanning calorimetry peaks are
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from which molecular types Muzic et al. (2019) cite the previous work by Ebel et al. (2001).
A problem here is that Ebel et al. (2001) did not examine protein calorimetric responses to
pressure treatments at all, but rather only examined the calorimetry of lipid phase
transitions. Elsewhere, MuZzic et al. (2019, pg. 3) cites work by Royer (2002) in support of
this claim that the transition temperature of proteins and lipids will be shifted in different
directions when under pressure. But Royer (2002) relates pressure treatments on
proteins to their volume changes which they note to vary in direction depending on the
specific protein examine, and did not specifically report the nature of any shift in a
calorimetric Cp peak due to a pressure treatment that would occur during a differential
scanning calorimetry examination of proteins. So it seems that MuZi¢ et al. (2019) are
implying that certain specific heat peaks can be attributed to proteins and others to lipids
by their sensitivity to pressure, and perhaps such a difference in sensitivity does exist, but
they offer no direct findings in support for this claim. And, given that Franco et al. (2012)
note that the human lactoferrin protein’s conformation is rather stable up to pressures of
about 400 MPa (about 4000 bars), not all proteins may respond equally to pressure
treatments?

The second way in which Muzi¢ et al. (2019) attempt to discern which Cp peak is due
to lipids is by claiming that running a differential calorimetry scan to relatively high
temperatures would irreversibly denature the proteins, and so removes their contribution
to subsequent calorimetric scans so that what is left is assumed to be due to changes in
lipid phases. This suggestion that any protein conformational changes would be
irreversible while lipid phase changes would be reversible is also made by Fedosejevs et
al. (2022). It is true that high heat can irreversibly denature some types of proteins, but
that does not always imply that the proteins then become calorimetrically inert. Indeed
in attempting to use differential scanning calorimetry to detect lipid phase transitions in
isolated red blood cell samples Grabitz et al. (2002) found that the heat signal from the
proteins, even when denatured, made it impossible to detect any heat signal from a lipid
phase transition. Thus denaturating proteins does not make them calorimetrically inert
in all cases. So MuZi¢ et al. (2019) are assuming that the high temperature conditions
applied in the first differential calorimetric scan would irreversibly denature all proteins
and so remove their contribution in subsequent scans. That assumption seems to be in
need of testing as Privalov et al. (2000) notes that there are proteins that can be reversibly
denatured across broad ranges of temperatures. Indeed, Melchior et al. (1976) also report
such an occurrence with proteins reannealing after high heat exposure, and so such
proteins would then be expected to contribute heat of conformational changes in each of
the calorimetry runs undertaken. The work of van Osdol et al. (1991) shows that
cytochrome c¢ has highly reversible folding/unfolding conversions. A review by
Mazurenko et al. (2017) on the study of proteins by microcalorimetric methods notes that
many other proteins have fully reversible changes in conformation after exposure to heat.
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Jayaraman et al. (2011) report that human apoA-1 in free solution does show reversible
protein unfolding across cycles of calorimetry heating and cooling. Also relevant is the
work of Kaletung et al. (2004) who report that when whole bacterial cells are passed
through differential scanning calorimetry analysis specific heat capacity peaks can be
attributed to DNA and to ribosomes, without any attribution to lipid phase changes at all.
Several studies (Lee et al. 2002; Nguyen et al. 2006) which take whole bacterial cells
through differential scanning calorimetry suggest that major heat capacity peaks could be
attributable to ribosomal conformational changes. This leaves the claim by Muzic et al.
(2019) that with a crude homogenate as source material they can discern which peak(s) in
specific heat capacity are associated with lipid phase changes in some doubt, as the
alternative hypothesis that some of these peaks might be due to reversible protein or DNA
or RNA conformational changes seems to have not been fully examined. If instead they
had started with a well purified plasma membrane sample some of these and other
reservations might have been addressed.

3b. Claims of lipid phase transition - findings.

In any event, MuZzic¢ et al. (2019) go on to report the conditions they found that can
result in a pattern of calorimetry data which they argue indicate lipid phase transitions in
their extracts from nervous tissue. These conditions include: Lowering the temperature
by 10-20C below body temperature, application of from 100-196 bars of pressure above
normal, altering the external pH by 4 units, and altering the external osmolarity by the
addition of 300 mM NaCl (Muzi¢ et al. 2019). These claims are echoed by Fillafer et al.
(2021) who suggest that a cooling by 15-35C, or application of about 810 bars of pressure,
or a drop in external pH by 1-3 units would induce a lipid phase transition, and so this is
suggested as a means for the initiation of the soliton/wave-AP. What follows next is an
attempt to place each of these findings within a physiological context as a means to assess
whether these conditions can occur in vivo.

3c. Claims of lipid phase transition - Physiological Temperature range.

The finding by MuZic¢ et al. (2019) that lowering the temperature by 10-20C below the
typical body temperature could induce what might be a lipid phase transition in their
crude extracts may be consistent with a report by Fedosejevs et al. (2022) which found that
a cultured neuron cell may show signs of a possible lipid phase transition when cooled
from a normal 37C down to about 17C. However, it must be noted that in humans the
normal healthy temperature range is roughly 36-40C (Reece 2015; Beker et al. 2018).
Excursions of temperature changes significantly beyond this range have been noted to
lead to many potentially life threatening conditions (Lim et al. 2008). In any event, just
how sections of the plasma membrane of a neuron in vivo would have its temperature
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altered to this extent in the first place so as to induce the presumed lipid phase transition
needed by the soliton/wave-AP model has not been described. In the absence of any
major finding of microbursts of cooling occurring just before each and every action
potential firing in normal nervous tissue, it would seem unlikely that temperature drops
of 20C are plausible under normal physiological conditions. This objection would, of
course, be removed if solid evidence for lipid phase changes was forthcoming from human
neurons in their normal temperature range of 36-40C, but no such evidence has been
presented yet by the advocates of the soliton/wave-AP model. The matter is made even
more confused by the claim of Heimburg (2019, pg. 39) that changes in protein and nucleic
acid conformations are said to be happening at temperatures “... close to physiological
conditions...” but here Heimburg notes that for DNA the temperature at which this
happens is 65C or more! Thus exactly what is meant by the advocates of the
soliton/wave-AP model in their references to temperatures said to be “close” to
physiological conditions seems to need some clarification.

It might also be noted that Greffrath et al. (2009) reports that exposure of some
neurons to 42-47C for a few seconds can induce AP firing. Paajanenetal. (2004) report
that heat stress can lead to changes in ion channel activity, and so alter AP firing features
in fish. Also a report by Fribrance et al. (2016) modeled this heat induced AP firing
through a modification of the original Hodgkin and Huxley equations (Hodgkin et al.
1952a) to take heat induced changes in membrane capacitance into account. The
electrophysiological-AP model largely accounts for the ability of some types of neurons to
continue to fire APs at various temperatures by noting the changes in the types of alpha
subunit used in the voltage-sensitive Na* channels (Touska et al. 2018). Thus, if the
lipid phase transition that the soliton/wave-AP model requires for its operation is meant
to be associated with cooling, then how does this model account for the induction of AP
firing upon exposure to heat?

Furthermore, the suggestion is made by Schneider (2021), and by Kang et al. (2020),
that at temperatures below this presumed lipid phase change no action potential firing
would be possible because, under the soliton/wave-AP model, at such low temperatures
the lipid phase would be unlikely to be further altered and so no soliton/wave-AP could
be generated. This claim seems to run counter to a number of reports of action potentials
being observed at temperatures much lower than 17C.  For instance, Spyropoulos (1957,
1964) reports action potentials in squid giant axons and in neurons of other animal species
down to 4C. Abbott et al. (1958) reports detecting APs in nerves of crab at temperatures
down to OC. Both Keynes et al. (1965) and Howarth et al. (1968) working with nerves from
rabbit could detect APs at temperatures down to 5C, a finding that Ritchie (1973)
confirmed later. Franz et al. (1968) reports action potentials in isolated cat neurons when
taken down to 7.2ZC before any sort of cold block was detected. In a study of the flux of
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#2K* associated with action potential firing in garfish nerve fibers Ritchie et al. (1975) were
able to see action potential firings down to 0C. While in mammalian excitable cells Ritchie
et al. (1956) had noted that cooling down to 10C caused no sudden block in AP firing,
rather a gradual change in some AP properties in step with gradual cooling was noted.
In contrast, at the other end of the temperature range, both Money et al. (2009), working
with neurons in locust, and Klumpp et al. (1980) working with cat nerves noted that heat
treatments above 40-45C, if applied long enough, can inhibit action potential firing; they
presume this would be due to protein denaturation induced by the heat and note that this
heat block was often irreversible. Thus the advocates for the soliton/wave-AP model
might wish to repeat the study done by Fedosejevs et al. (2022) and test to see if indeed, in
a cultured mammalian neuron which shows action potentials at normal physiological
temperatures, no AP firing occurs at temperatures below the presumed lipid phase
transition temperature of 17C? If action potentials in such mammalian neurons are seen
below this presumed lipid phase transition temperature that would seem to challenge
their soliton/wave-AP model. This is a test of their model that seems not yet to have been
made by its advocates.

In contrast, electrophysiological theory indicates that changes in temperature will
alter the resting membrane potential. This can be seen, for instance, in the temperature
term that is present in the Goldman-Hodgkin-Katz equation (see eq. 2), and the
permeability terms in it which reflect the actions of the protein-based ion channels may
also change with temperature (Lei et al. 2019). The study by Bolton et al. (1981) found
that lowering the temperature of a human arm over a physiological range did alter the
compound action potentials observed in a gradual manner, which would seem to be
consistent with the electrophysiological-AP model. ~Of course, sudden changes in
protein-based ion channel activity can occur in those specific channels that are reported to
operate in the sensing of temperature (Brauchi et al. 2004; Laursen et al. 2015), but
that is a separate matter from the temperature influences broadly on something like an AP.
Thus the advocates for the soliton/wave-AP model suggest a temperature cut off below
which APs would be proposed not to occur, but does not seem to account for the gradual
change in AP properties seen with temperature changes across the normal physiological
range?

3d. Claims of lipid phase transition - Physiological pH range.

As noted previously, Muzic et al. (2019) also reports that a change in pH in the range
of 4 pH units may induce extracts from nervous tissue to show what is presumed to be a
lipid phase transition. This suggestion is echoed by the Fillafer et al. (2016) article which
suggests that external acidification of a Chara sp. cell might stimulate action potential
tiring. Also in the Fillafer et al. (2021, 2022) articles there is the suggestion that lowering
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the external pH near a synapse by 1-3 pH units, down to below pH 5.6, might induce a
flux of protons across the plasma membrane which may then induce a change in the
membrane potential which in turn, they suggest, would induce a lipid phase transition in
the neuron, and so initiate a soliton/wave-AP. This hypothesis needs to be tested. But
this seems to be an alteration of the soliton/wave-AP model which previously did not
consider any flow of ions as being involved in AP induction as ion flow and ion channels
were thought not to play a role in APs (Heimburg et al. 2006; Heimburg 2010; Vargas
etal. 2011; Appalietal. 2012; Mosgaardetal. 2013; Gonzalez-Perezetal. 2016)?
The Fedosejevs et al. (2022) article also suggests that an external acidification by 2 pH units
may induce some sort of lipid phase change in cultured neuronal cells, but they have not
shown that such a shift results in a membrane potential shift of the magnitude that would
be expected during an action potential. Be that as it may, the suggestion that a change in
external pH in the 1-4 pH unit range as a means to induce a lipid phase transition, and so
initiate a soliton/wave-AP in the cell, would seem to depend on the assumption that such
changes in pH actually occur in vivo. Thus a review of reports in the literature to see to
what extent pH can vary under normal physiological conditions will next be presented.

Generally the cell cytosol of many mammalian cells is held in a pH range of 6.7-7.7,
with cells that shift their metabolic rates often showing the more extreme shifts within this
range (Crampin et al. 2006; Hayashi et al. 2008; Morgan et al. 2009; Counillon et al.
2016; Rajendran et al. 2018). In terms of the extracellular pH, Chesler (2003) suggest
that in the mammalian nervous tissue the external pH is often limited to changes of under
0.2 pH units. Chen et al. (1991) in examining the influence of the release of the
neurotransmitter GABA on the local extracellular pH report an alkalinization in the range
of 0.02-0.12 pH units. Fliegel (2019) describes the role of a Na*/H* exchange system in the
plasma membrane that is used by some cells to help avoid acidosis of the cells. And
Theparambil et al. (2020) describe the use of a bicarbonate transport system by astrocytes
in the nervous tissue to limit changes in extracellular pH to under 0.1 pH units, and note
that loss of this buffering system can lead to various sorts of mental disorders. Several
other reports note that extracellular acidification can be damaging: Foster et al. (2021),
Jang et al. (2020), and Sivils et al. (2022) all report that an external pH of 6.5 or less in
nervous tissue is often associated with acidosis-related neuropathologies and neuronal
damage. Jonesetal. (2011) found that an external pH of 6.0 led to inhibition of the cardiac
voltage gated sodium ion channel, and that such a pH drop was seen in association with
cardiac arrhythmia. While Toyoda et al. (2008) report that an external pH of 6.3 could
inhibit the activity of a K* ion channel in cholinergic neurons. Huang et al. (1999) has
reported that several neurotransmitter receptors and ion channels of neurons are inhibited
by extracellular acidification, with acidification of 0.5 pH units being associated with
seizures, and drops of 1 pH unit being associated with permanent cellular damage.
These studies seem to suggest that both internal and extracellular pH are under rather
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tight regulation in mammalian excitable tissue. Thus any suggestion of changes in
extracellular pH of over 0.5 pH units may need justification?

In other work by the advocates of the soliton/wave system, Fillafer et al. (2016, 2022)
suggest that acidification of the external medium might enhance the rate of action
potential firing in nervous tissue. However, the opposite seems to be reported in some
cases with external acidification often inhibiting neuron action potential firing (Chesler
2003). For instance Jang et al. (2020) reports that an extracellular acidification by 0.5 pH
units decreased activity at an excitatory synapse. Hille (1984) notes that an external
acidification by 2 pH units inhibits action potentials in some cases, and refers to this as an
“acid block” to action potential firing. And it might also be noted that Hille (1968) and
Drouin et al. (1969) report that with external acidification the conductances of both the Na*
and K* currents associated with action potentials are lowered, suggesting that their
associated channel activities may be pH sensitive. While the report by Soto et al. (2018)
suggests that pH shifts just within the synaptic cleft might be significant, and might
activate acid sensing H* channels in post-synaptic membranes, they suggest that any
acidification of this type would act through ion channel activation and do not suggest any
lipid phase changes being involved. Thus the suggestion by Fillafer et al. (2016, 2022)
that external acidification might induce the lipid phase transition needed for the
soliton/wave-AP to operate in neurons, seems to be contradicted by the reports of Hille
(1968, 1984), of Drouin et al. (1969), and others which suggest that such acidification
suppresses the activity of the ion specific channels and thus inhibit AP firings.

Thus if the soliton/wave-AP model requires changes in external pH of over a few
tenths of a pH unit it might fall outside of the normal physiological range? To counter
this objection, the advocates of the soliton/wave-AP model would need to produce
evidence that at specific locations along healthy neurons in the mammalian central
nervous system there are pH drops in the range they are suggesting, and which are closely
associated in time with lipid phase changes and actual action potential firings. Without
such actual evidence of operation in vivo, this pH effect may be yet another of many such
effects that we can induce in vitro (i.e., like electroporation); a real phenomenon perhaps
that cells can be forced to display, but which is not actually used by life under normal
conditions?

3e. Claims of lipid phase transition - Physiological pressure range.

Finally, Muzic¢ et al. (2019) reports that the application of 100-196 bars of pressure to
the crude homogenate they had from the central nervous system of pigs can induce what
is thought to be a lipid phase transition as detected by a peak in specific heat capacity
during differential scanning calorimetry. This may be consistent with the findings of
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Matsuki et al. (2019) who reported that treatment of phospholipid bilayers with from 220-
3000 bars of pressure could alter their phase state. This suggestion that lipid phase
changes in biomembranes might be induced by pressure is also made by Fillafer et al.
(2021). Thus they imply that pressure changes might be one way a cell might induce the
lipid phase transition needed for their soliton/wave-AP model to operate in a living cell.

It has been reported that during an action potential there is a change in cellular
internal pressure, but it is very small, in the 0.1 millibar range. However in addition to
being observed in association with an action potential such a small pressure shift can also
be brought about by a membrane hyperpolarization which does not lead to any action
potential firing (Terakawa 1985). Both Shimmen (1997) and Staves et al. (1993) examined
how application of pressure, in the range of about 1 millibar, to a small area of the plasma
membrane of the internodal cell of Chara sp. could induce action potential firing.
Furthermore, Julian et al. (1962) notes that the such local pressure responses seem to be
associated with changes in the conductance of the membrane, and are dependent on the
presence of certain extracellular ions, which in the modern context might imply an
involvement of touch-sensitive ion channels? In terms of local force that can induce
responses Muhamed et al. (2017) notes that application of force in the piconewton range
to cell surfaces can often initiate mechanotransductive effects, so any sort of local pressure
effects that might be proposed would likely have to operate in this range of forces. In
terms of lipid phase transitions, the Winter et al. (2005) article in looking at lipid bilayer
responses to pressure found that both cholesterol and protein content can reduce or
eliminate pressure induced lipid phase changes, and even with a pure DPPC bilayer the
pressure change needed to induce its shift from liquid-crystalline to gel phase was found
to be over 300 bars of pressure, which is roughly the pressure that is seen in the ocean at a
depth of several thousand meters! It should be noted that Spyropoulos (1957) working
with the squid giant axon found that upon application of roughly 200-480 bars of pressure
to the axon this did lead to stimulation of spontaneous AP firings. But if hundreds of
bars of pressure are needed to induce lipid phase transitions, as MuZic¢ et al. (2019) and
others suggest, while action potentials are found by others to be inducible by local
application of just millibars of pressure, then the suggestion that lipid phase transitions
are involved here would seem to be brought into some doubt as the extent of pressure
needed to induce lipid phase changes seems to be orders of magnitude greater than the
light pressures reported to be able to induce action potentials in some cases?

In terms of what sort of pressures can be tolerated in the central nervous system both
Harary et al. (2018) and Canac et al. (2020) suggest that a rise in intracranial pressure by
just 25 mm Hg (i.e., about 0.03 bar) is often found to be associated with severe headaches,
neurological disorders, and even damage to brain tissues. Thus it might be implied that
pressure shifts of even one bar in the central nervous tissue could be out of the bounds of
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normal physiological range, and start to enter what happens with impact related pressure
spikes leading to brain damage. And yet the advocates for the soliton/wave-AP model
are suggesting that hundreds of bars of pressure might be brought to bear in the nervous
tissue regularly. Evidence of the occurrence of such pressure spikes in normal healthy
nervous tissue is clearly needed to justify their claims.

3f. Summary: Aboutlimits imposed by physiological ranges.

When a phenomenon such as a lipid phase transition is found to occur only under
conditions that are outside of normal physiological ranges, that might suggest that the
phenomenon, while inducible by applying extreme conditions, may not normally occur in
vivo under normal physiological conditions. Such would seem to be the case for the
induction of lipid phase transitions in the plasma membranes of excitable cells. Asnoted
above, the conditions of pH, temperature, and pressure which the advocates of the
soliton/wave-AP model suggest are needed to induce such lipid phase transitions seem to
be well outside of normal physiological ranges. This perhaps makes the lipid phase
transitions seen in these cells seem somewhat similar to the phenomena of electroporation
(Joersbo et al. 1990; Pakhomova et al. 2014), or even similar to atomic nuclear fusion
(Post 1976), each of which can be caused to be induced but the needed conditions are so
outside of normal physiological ranges as to preclude our concluding that life makes use
of such phenomena on a regular basis. Also this apparent exclusion of a regular use of
lipid phase transitions by life may be seen to be consistent with the view, as presented
previously (Meissner 2018), that due to both their damaging nature (Welti et al. 1981;
van Bilsen et al. 1994; Oldenhof et al. 2013), and how hard they are to induce, such
lipid phase transitions are maladaptive and so may not normally be seen to happen in
nervous tissue?

However, the advocates for the soliton/wave-AP model reach a different conclusion.
Muzi¢ et al. (2019, pg. 1) states: “Since the feature of a transition slightly below
physiological temperature is conserved even when growth conditions change, we
conclude that the transitions are likely to be of major biological importance for the survival
and the function of the cell.” And goes on to state (Muzic et al. 2019, pg. 8): “Thus,
the physiological temperature in all of the preparations was found to lie just between the
lipid transition and the protein unfolding transitions such that minor perturbations of the
membranes will move the membranes into the transition regime.” The critical issue here
would seem to be what exactly is meant by being “slightly below” normal conditions and
what are “minor perturbations”? By this do they mean to suggest a 10-20C cooling, or an
acidification by several pH units, or a change in pressure of several hundreds of bars, are
“minor” changes, even when such changes are potentially lethal? By this sort of
reasoning, one might then have to conclude that the ability to electroporate a cell
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membrane, being seen across a wide range of species, must also then be critical in some
way for cell viability or function? Thus just because we can induce something artificially
does not make it adaptive in vivo. Yet the advocates for the soliton/wave-AP model seem
willing to make such a leap of faith.

The soliton/wave-AP model has the implicit assumption that such lipid phase
transitions are very common and used in an adaptive manner in biological membranes.
However, the temperature, pH, and pressure changes that are proposed as being needed
to induce such a lipid phase transition (Muzi¢ et al. 2019; Fillafer etal. 2021) seem to
be outside of the normal physiological ranges for these items. Thus to demonstrate that
such lipid phase changes do indeed occur, the good people who advocate for the
soliton/wave-AP model would then need either to show that their model operates within
these physiological ranges in normal living neurons, or would need to provide new data
demonstrating that the conditions they report as being needed to induce lipid phase
changes in extracts do actually occur normally in vivo in nervous tissue. Without such
new information the conditions they suggest as being needed for the induction of lipid
phase changes seem to be so far outside of the normal ranges of pH, temperature and of
pressure so as to make the induction of lipid phase changes under normal conditions to
seem to be rather doubtful.

One oddity with regard to the conditions explored by the advocates for the
soliton/wave-AP model for the induction of lipid phase transitions has been a relative lack
of consideration of the influence of membrane potential depolarization. It is well known
that membrane potential changes of a few tens of millivolts are able to induce AP initiation
in excitable cells (Hille 1984; Golod et al. 1998; Henze et al. 2001). So if these APs
are, as the soliton/wave-AP model suggests, due to a lipid phase transition, then it seems
necessary for the advocates of this soliton/wave model to show that a similar
depolarization of the plasma membrane of a neuron, or of a lipid bilayer, actually induces
a lipid phase transition? Thus transmembrane potential changes seems to be an area that
has not so far received much attention by these workers; certainly they have not reported
any results of tests that confirms the ability of small membrane potential depolarizations
to induce lipid phase transitions in the plasma membranes of neurons or in lipid bilayer
systems.
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Figure 3. Concept maps comparing the standard Scientific Method with that of the new
Thermodynamic/Theory-Based philosophical approach. A.)  For the Scientific Method,
showing how there is use of testing of a model’s hypotheses by production of new data for use to
evaluate the model. Modified from Glase (2002, Fig. 1.2). B.) And for the
Thermodynamic/Theory-Based philosophical approach, showing how the model is used to
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evaluate data, with data that are consistent with the model being accepted, and data inconsistent
with the model being rejected or ignored.
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4. A new philosophical approach.

What the advocates of the soliton/wave-AP model have done is not just propose a
new model. Rather they are presenting a philosophical approach that differs from that
of the scientific method. Next, after a brief review of the scientific method, a general
outline of this new thermodynamic/theory-based philosophical approach will be given.
Then, specific examples of its use in practice will be described in terms of how evidence is
evaluated relative to the soliton/wave-AP model. The use of the Newtonian maxim
under this new philosophical approach will be considered as well. And then a
comparison of this new thermodynamic/theory-based philosophical approach to other
approaches from before the rise of the scientific method will be made. It will be argued
that this thermodynamic/theory-based philosophical approach is radically different from
the scientific method, uses a very different standard of evidence, and that it is unlikely to
encourage the carrying out of the sort of critical tests of its assumptions and predictions
needed to convince those who work under the scientific method to accept the
soliton/wave-AP model.

4a. The Scientific Method.

For the past several hundred years the scientific method has stood out as one of the
most successful scientific philosophical approaches ever devised (Sanford 1899;
Westaway 1919; Glase 2002; Popper 2005, Kosso 2011, Wagensberg 2014). While
it shows flexibility when applied in specific contexts (Cleland 2001), it can be outlined
simply as a pattern of practices and standards of evidence that are commonly used by
scientists today (Fudge 2014). Put briefly (Fig. 3A); wusing existing knowledge, both
factual and theoretical, new models are devised and used as broad research hypotheses.
Each model makes specific predictions, or depends on specific assumptions, which are
then subjected to testing either through gathering new observations or by obtaining new
results from specific experiments. These new data are then used to evaluate the original
model with several possible outcomes. The data may support the original model, and
this then adds some additional confidence to that model. Or the data may be inconsistent
with the original model, and so the model either needs to be modified or rejected. Or the
data may be shown to be itself in error or the result of an invalid test. Thus under the
scientific method the model is tested by the data. Also the scientific method encourages
a consideration of alternative hypotheses (Platt 1964), the refutation of alternatives being
one means by which confidence in the remaining hypothesis can be enhanced.

Thus, under the scientific method it is expected that all models, even those we call
the laws of conservation, should be open to being questioned and tested against new data.
Indeed, Crivellin et al. (2021) notes that the standard model of physics, one of the most
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successful of physical models, is open to such questioning and testing. This testing of
such laws is not done because of major doubts about the laws of conservation, but rather
the testing is often needed because the application of these laws is done by people who
may be mistaken in the ways they apply them, or because in new situations new
extensions, limitations, or features of the existing laws may thus be discovered, as might
entirely new laws and principles. Therefore, questions about, and testing of, the modern
electrophysiological-AP model, as derived from the past Hodgkin-Huxley-AP model, are
welcome as are tests of all existing models.

So when the good folks who advocate for the soliton/wave-AP model propose that
there is no change in permeability to specific ions during an action potential, that no ion
movements occur across the membrane during an action potential, or that there is no net
heat resulting from AP firing, the proper practice under the scientific method would be
for them to repeat, or improve upon, past experiments and present new data that support
their claims. However, the advocates for the soliton/wave-AP model have neither made
such tests, nor presented such new data. They state their claims, but present no new
evidence to back them up. Thus under the scientific method these, and many of their
other claims about flaws in the modern electrophysiological-AP model, would be
considered at this point to be mere hypotheses, (i.e., theoretical conjectures) which have
yet to be supported by needed data resulting from specific tests or observations. On the
other hand, with regard to the soliton/wave-AP model that these good folks bring forward,
there is already much data from the past that apparently refutes many of this model’s
hypotheses. Again, under the scientific method, it is appropriate for the advocates of this
new model to carry out new critical experiments and bring forward new data. But, so
far, the advocates to the soliton/wave-AP model have either not yet done the critical
experiments, or have not made the needed key observations, and so have not managed,
yet, to find the needed new evidence in support of their model so that under the scientific
method their soliton/wave-AP model can be seen as more than a theoretical conjecture.
Thus modern scientists expect the scientific method to be carried through to completion,
so that the model can be judged by new data, and this the advocates of the soliton/wave-
AP model have yet to carry through in force. This may then account, at least in part, for
the lack of wide acceptance of the soliton/wave-AP model, and so the failure of this model
to be accepted may not be just due to a misunderstanding about the nature of sound waves
as suggested by Shrivastava (2021). Rather it seems to be a failure to use the scientific
method to test the hypotheses put forward, and to present new evidence that confirms the
many claims this model makes, which seems to limit its acceptance.

None of the above should be taken as dismissive of the findings made by the
advocates of the soliton/wave model with regard to the phenomena they have
documented concerning waves and lipid phase changes in simple lipid monolayers and
bilayers. That work is often sound and largely of great interest. What is questionable
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is the assumption that, because they have found that lipids under one set of conditions
can show these sorts of phenomena, then this must account for similar phenomena in all
biological membranes as well. Thus the arguments presented earlier in this article were
made to point out that relationships that might be confirmed in simple phospholipid
bilayers might not extend to the much more complex setting of biological membranes.
And the points raised in earlier work (Meissner 2018; Peyrard 2020) indicate that many
of the assumptions these good folks are making in claiming that their soliton/wave model
accounts for action potentials in excitable cells need testing. Such assumptions, under
the scientific method, can and should be expected to under go intense testing because they
are attempting to apply the relationships they discovered in one context to a drastically
new setting without having yet done the needed tests to confirm that these relationships
still hold up under these new conditions. Thus, the advocates of the soliton/wave-AP
model may, under the scientific method, enhance the confidence in their arguments by
presenting results of tests that support predictions of their model. For instance: Are
lipid phase transitions actually happening during AP firing in excitable cells? If so, can
shifts in surface potentials during such lipid phase transitions truly account for the
macroscopic transmembrane potential changes we call an action potential? These, and
many other issues have not had supportive findings reported, and under the scientific
method such findings are absolutely needed in order to establish confidence in a proposed
model.

4b. The Thermodynamic/Theory-based Philosophical Approach.

But the advocates of the soliton/wave-AP model have gone beyond just suggesting
new hypotheses, they also are using in their studies a very different philosophical
approach compared to the scientific method. This thermodynamic/theory-based
philosophical approach has many distinct features, and so it merits our special attention.

The advocates of this thermodynamic/theory-based philosophical approach have
recently described some of its philosophical aspects (Kang et al. 2020; Drukarch et al.
2021; Fabiunke et al. 2021; Fillafer et al. 2013, 2021; Mussel et al. 2021;
Schneider 2020, 2021; Shrivastava 2021). They start with the premise that certain
scientific laws and principles are to be taken as solid and to always be valid in all situations.
From this starting point, models and formulae may be derived that follow directly from
these laws and so, they argue, must themselves be considered valid under broad
conditions. They thus hold the view that this thermodynamic-approach produces
“correct predictions” (Andersen et al. 2009, pg. 107), and hold that to reject or question
their model would be then to reject the principles and laws on which it is based. This
would be in effect, they argue, to ignore the implications of the second law of
thermodynamics (Heimburg 2019; Drukarch et al. 2021), or the consequences of the
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law of conservation of momentum (Schneider 2020, 2021) (though for thoughts on how
our views of the momentum of waves in a physical medium might need to be limited see
McIntyre 1981). Typical is the following statement by Fichtl et al. (2018, pg. 4914) who
state: “Importantly, this is not a hypothesis but is inevitable, following directly from the
second law of thermodynamics.” This approach has the interesting outcome that the
resulting model is then presume to be “true” as they argue it is so closely associated with
the underlying laws and principles that the authority of those laws extends to grant
authority to the model (Fig. 3B), and so the model then must be “correct,” as must then be
its implications. In presenting their philosophy Drukarch et al. (2021) argues that there
is a need for such a strong theoretical basis, and implies that empirical approaches are
likely to produce misleading outcomes. How this philosophical approach is then applied
relative to past or new data becomes rather interesting. In this regard Drukarch et al.
(2021, pg. 6) indicates that primacy is given to theory when they state: “However, if a
hypothesized constitutive element of the constructive theory... is found in contradiction
with the theory of principle the hypothesized constitutive element will have to be dropped
as it would amount to violation of the second law of thermodynamics.” Thus under this
thermodynamic/theory-based philosophical approach the model is assumed to be valid,
and any data, either experimental or observational, has its validity largely judged based
on its relationship to the model (Fig. 3B). Findings that are inconsistent with the
presumably “correct” model are judged to be untrue or invalid in some manner, and only
findings that are consistent in some way with the model are accepted. Also existing
evidence often has to be reinterpreted so that it can be viewed in a manner that is
consistent with the presumed “correct” model. To illustrate how this approach plays out
in their arguments for their soliton/wave-AP model, some examples will next be offered.

4c. Applications of the thermodynamic/theory-based philosophical approach.

As noted previously, one of the major features of the electrophysiological-AP model
is that during an AP the membrane has a transient and specific change in permeability for
certain ions which are then able to move down their electrochemical potential gradient
and so produce the pattern of changes in the membrane potential we call an action
potential. But, under the soliton/wave-AP model it is assumed that no change in
membrane permeability occurs. And so when Mussel et al. (2019a, pg. 4) states: “... by
ignoring the effect of permeability on
the transmembrane potential measurement, the large contribution of surface potential is
highlighted...” not only are they sweeping aside a large body of evidence that
demonstrates that changes in membrane permeability occur during an AP, but they are
also ignoring the consequences of the law of conservation of charge. This is done,
apparently, because the soliton/wave-AP model does not require such changes in
permeability, and therefore since their model is presumed to be “correct” these
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permeability data which contradict it must themselves be viewed as incorrect (Fig. 3B).
Notice that the good people who advocate for the soliton/wave-AP model have not
presented any new measurements which support their claim that during an AP the
permeability of the membrane to ions does not change. Under the scientific method such
new data, if shown to be repeatable, would likely be viewed with great interest. Instead,
arguing from their thermodynamic/theory-based philosophical approach these good folks
are using the model to decide which data are relevant. Thus, the model judges the data.

As another example, as noted previously, in examining phase transitions in DMPC
bilayers it was found that with the addition of 50 mol% cholesterol no evidence could be
detected of any lipid phase transition by differential scanning calorimetry (Peters et al.
2017). This is a finding highly relevant to the soliton/wave-AP model, which claims that
a lipid phase transition is responsible for the features we call an action potential in the
plasma membranes of neurons. But the plasma membrane of neurons has a high
concentration of cholesterol, and so the finding by Peters et al. (2017) of no phase transition
in bilayers that have a high content of cholesterol, a content similar to that expected in the
plasma membrane of neurons, implies that something is wrong as the soliton/wave-AP
model requires that such phase transitions happen. Therefore, since under the
thermodynamic/theory-based philosophical approach the model is presumed to be
“correct” the authors of Peters et al. (2017) suggest that the results they obtained were an
artifact. They suggest that somehow differential scanning calorimetry in this case failed
to detect a lipid phase transition they presume to be happening. This illustrates how the
soliton/wave-AP model is used to judge the data, and, it seems, the data have to be
consistent with the model in order for that data to be valid under this
thermodynamic/theory-based philosophical approach. Contrast this with the results
described previously from MuZzic¢ et al. (2019) where using a crude homogenate differential
scanning calorimetry data were obtained which might indicate a possible lipid phase
transition could happen. In this case the authors suggest that differential scanning
calorimetry is a good method for detection of such phase transitions in plasma membranes
known to have a high cholesterol content. In contrast, the Peters et al. (2017) article
suggests that in the presence of high cholesterol content differential scanning calorimetry
might not be able to detect a phase transition. So when the results are consistent with
their model MuZic et al. (2019) suggest that the differential scanning calorimetry method
used works well, but when not finding what the model expected Peters et al. (2017)
suggests that the differential scanning calorimetry method does not work and is somehow
missing a lipid phase transition that their model suggests must be present. Thus if the
results are consistent with the presumed “correct” soliton/wave-AP model they are
accepted, but if the results are in contradiction with this presumably “correct” model then
they are rejected. Thus under the thermodynamic/theory-based philosophical approach,
the model judges the data. The alternative, which the good people who advocate for the
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50
soliton/wave-AP model do not seem to consider, might be that the model they present,
and the relationships upon which it is based, only operate under certain conditions, and
so these relationships may not be truly as universal as they claim?

This pattern of using the model to judge the data is also seen in how the good people
who advocate for the soliton/wave-AP model argue that no transmembrane movements
of ions or changes in membrane permeability are needed during an AP (Heimburg et al.
2006). They argue instead that the voltage changes seen during the AP are due to
changes in surface potentials that arise with the soliton/wave associated lipid phase
transition. In support of this, the good Professor Heimburg (2018), inspired by a report
by Tamagawa et al. (2018), suggests that changes in surface charge density, and so changes
in surface potential, on the two sides of the plasma membrane during a presumed lipid
phase transition might cause local ion adhesion, and alter the transmembrane potential.
This is said to be similar to the suggestion made by Tamagawa et al. (2018) that in the two
cells of a battery surface charge density changes in the battery half-cells may account for
the potential differences between the cells, without the need for the flow of any ions
between the two cells, and indeed Heimburg (2018, pg. 866) refers to the wire connecting
the two cells of the battery as an “impermeable wall” as no ions can pass through it.
Tamagawa et al. (2018) go on to show how based on surface ion absorption it is then
possible to derive an equation very similar to the Goldman-Hodgkin-Katz equation, but
which requires no movement of ions across the barrier at all. Based on this, Heimburg
(2018, pg. 866) claims that: “Here, voltage changes are a consequence of variations in
capacitance and polarization, and no selective permeabilities for ions are required.”
What is not being considered here, apparently, is that the wire is indeed selectively
permeable in that it does allow some charged items to pass rather freely (i.e., electrons)
while still being an effective barrier to the passage of other charged items (i.e., ions). Thus,
the wire is not the “impermeable” barrier to all charge carrying items as Heimburg (2018)
seems to suggest. In this battery system the difference in redox potential between the
two half-reactions in the two battery cells creates an electron motive force which drives
electron movement through the wire, and the charge carried by the movement of the
electrons (which is a current we can measure) thus creates the electrical potential between
the two battery half-cells, as is described in any good college chemistry textbook (Pauling
1957). This battery system is then clearly analogous to how certain charge-carrying ions
move through ion-selective channels in response to specific electrochemical gradients
across biological membranes, with both the battery and membrane systems each having a
selectively permeable barrier (i.e., the wire, versus the ion-channels), current (carried by
either electrons, or ions), and a driving force (either a redox potential difference driving
electron flow, or a specific ion’s electrochemical potential difference). Thus, it is not
surprising that analogous equations describing these two systems can be derived as both
of these are systems with selectively permeable barriers. What is of interest here is the
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way that, by ignoring the flow of charged items between the cells of the battery, Heimburg
(2018) is suggesting how this system should be viewed so that it seemingly supports the
contention made by the advocates of the soliton/wave-AP model that there is no need for
movement of any ions across the membrane of an excitable cell to create the pattern of
transmembrane potential changes seen during the firing of an action potential. Thus, this
is the sort of argument that is made in order to fit the data to what is presumed to be the
“correct” model.

Similarly, reports that the action potential is dissipative, displays net heat, and so is
dependent on the expenditure by the cell of metabolic energy to be sustained (Ritchie, 1973;
Crotty et al. 2006; Magistretti et al. 2015; Yi et al. 2016), are also in contradiction to the
presumed “correct” soliton/wave-AP model which is argued to have no net heat
associated with it at all and to be adiabatic (Heimburg 2021), and so results such as those
presented by Ritchie (1973) are rejected. Thus when starting with an assumed “correct”
model these good people view data through a different standard of evidence than would
those who follow the now commonly used scientific method-based philosophical
approach. Indeed, Heimburg (2021, pg. 36) goes so far as to state:  “Within
experimental accuracy, no heat is dissipated during the action potential (Abbott et al.,
1958). This indicates that no metabolism occurs during the nerve pulse.” However, the
article cited here, Abbott et al. (1958, pg. 157), states: “The positive heat averaged 8.8 x
10 cal/g, the negative heat 6.8 x 10 cal/g, and the net heat 2.0 x 10 cal/g.” Thus,
Heimburg (2021) is ignoring the conclusion reached by Abbott et al. (1958), that there is
net heat associated with an action potential. This conclusion by Abbott et al. (1958) is
clearly inconsistent with the soliton/wave-AP model’s contention that action potentials are
adiabatic, and so should produce no net heat. Thus, this finding of net heat by Abbott et
al. (1958), being inconsistent with the soliton/wave-AP model, is ignored, and replaced
with a conclusion that would be supportive of the soliton/wave-AP model. A similar
reworking of reported information was done earlier when in the Heimburg et al. (2005,
pg. 9794) article they claimed: “In particular, data indicate that heat release is exactly in
phase with the action potential (12, 13), and that there is no net heat release after
completion of the action potential.” Here one cited item (number 12) is the Howarth et
al. (1968, pg. 745) article which states: “At about 5C the measured positive heat is 7.2
ucal/g. impulse.... The measured negative heat at about 5C is 4.9 pcal/g. impulse.”  In this
case, since the positive heat is greater than the negative heat, this implies a net heat
emission results from an action potential, which directly contradicts what Heimburg et al.
(2005) states. Yet Heimburg et al. (2005) cites Howarth et al. (1968) in support of their
contention of action potentials producing no net heat. Thus the previously published
data are made to fit to the presumed “correct” model.
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Another example of how the presumed “correct” model acts as a filter, may be see in
how Heimburg (2021) deals with attempts to account for the pulses of first positive and
then negative heat seen during action potentials. Heimburg (2021) notes that attempts
have been made to account for this pattern of heat emission and absorption by a
consideration of the charging and discharging of the system’s capacitance due to the flow
of ions associated with the action potential, which some call the “condenser” model. He
notes that an analysis by Howarth et al. (1968) found that this capacitative effect would
only account for about half of the magnitude of the heat emission and absorption observed,
and so seems inadequate. However, that analysis by Howarth et al. (1968) treated the
plasma membrane as having similar faces, with similar composition and similar surface
charge density. Another study, which is noted by Heimburg (2021) to be an interesting
thermodynamic analysis of this issue, was recently done by de Lichtervelde et al. (2020).
de Lichtervelde and colleagues noted that the faces of a typical plasma membrane are not
similar, rather the faces differ in composition and the inner face of the membrane typically
has more negative surface charges per area than does the outer face. When de
Lichtervelde et al. (2020) then redid the analysis for the condenser model in the context of
such an asymmetric membrane they found that given the ion flows typically seen during
an action potential such a membrane might well be expected to produce heat emission and
absorption of the magnitudes reported to be observed. Thus, de Lichtervelde et al. (2020)
found that this pattern of heat flow seen during an action potential might well be
consistent with a condenser-type model, and so with the modern electrophysiological-AP
model. Whatis rather odd, is that, having noted this work by de Lichtervelde et al. (2020),
then Heimburg (2021, pg. 37) goes on to conclude: “... the condenser theory has been
dismissed by most authors because the measured heat changes are significantly larger
than what could be explained by charging of a capacitor using known capacitance values
and using the voltage changes that have been measured.” Thus, even when given a
plausible means to account for such a pattern of heat flows by de Lichtervelde et al. (2020),
one that is even based on theoretical thermodynamics, Heimburg still ignores the
approach. This, apparently is done as the soliton/wave-AP model is taken to be the “true”
model and so its accounting of this heat emission and absorption during an action
potential by a presumed lipid phase transition must be seen as the “correct” prediction.
Thus, under the thermodynamic/theory-based philosophical approach only the
implications from the model that is presumed to be “correct” should be considered, and
other alternatives are not to be taken seriously.

Let us consider some additional examples of how the items presumed by the
soliton/wave-AP model, or supportive of it, seem to be accepted without much actual
evidence in their support. Recall that in MuZi¢ et al. (2019, pg. 2) they state: “Lipid
melting peaks and protein unfolding profiles can easily be distinguished in pressure
calorimetry due to their characteristic pressure dependencies, the pressure dependence of
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lipid transitions being much higher than that of proteins [21].” Here reference 21 is the
work of Ebel et al. (2001). But on looking at Ebel et al. (2001) no data are presented in
that article which relates to differences in how proteins versus lipids would have their
calorimetric data altered by various applied pressures. Thus the claim MuZic et al. (2019)
is making here seems to not be explicitly supported by the cited item? Similarity, in
Fillafer et al. (2021) they note that their soliton/wave-AP model assumes that lipid phase
transitions do occur commonly in eukaryotic plasma membranes, but with regard to
evidence in support of this assumption they note (Fillafer etal. 2021, pg.58): “However,
the basis of evidence is too small, indirect and scattered for systematic conclusions.”
They then attempt to fill this void by citing several examples which they apparently feel
do support this assumption, that lipid phase transitions are common and adaptive in
eukaryotic membranes. But on close examination, several of the items they cite seem to
actually argue against the very assumption Fillafer et al. (2021) claim they support. For
instance, they cite Crowe et al. (1989) who reported the detection of lipid phase transitions
upon the cooling of cattail pollen and of some animal sperm. But Crowe et al. (1989) note
that these lipid phase transition events are associated with damage to the cells, which
seems to argue against such phase transitions being adaptive as Fillafer et al. (2021) seem
to wish to claim. Similarly, Fillafer et al. (2021) cite a review article by Melchior et al.
(1976) in support of the notion that lipid phase changes occur commonly in eukaryotic
biological membranes. But Melchior et al. (1976, pg. 226) state: “But the bulk
thermotropic transition and lateral phase separation as seen by experimental methods
now employed appear to be unnecessary for the life of the cell at growth temperature.
On the contrary, it is evidently an effect to be avoided. It is accompanied by a variety of
usually undesirable physiological events, and it is clear that living systems take pains to
lower their transition ranges to acceptable temperatures.” So again, an item that Fillafer
et al. (2021) cites in support of lipid phase transitions in excitable eukaryotic cells turns
out to actually argue that such phase transitions are normally rare as they are often
maladaptive. Finally, Fillafer et al. (2021) also cites Inoue et al. (1973) in support of the
notion of lipid phase transitions in excitable cells. But what Inoue et al. (1973) actually
refer to are transitions in macromolecules, which might be taken to mean proteins in the
membranes undergoing conformational changes as lipids are not macromolecules? This
view is supported where Inoue et al. (1973, pg. 476) state concerning changes in the plasma
membrane during action potential firing: “The abrupt and discrete conformational
changes are considered to represent phase transitions in the membrane macromolecules.”
Changes in protein macromolecular conformations during an action potential are, of
course, fully consistent with the modern electrophysiological-AP model, as reflected in
conformational changes that would occur in voltage-sensitive protein-based ion channels
in the plasma membrane. Thus what Inoue et al. (1973) present seems not truly in
support of a lipid phase transitions, but seems rather to be in support of protein
conformational changes. Thus Fillafer et al. (2021) seem correct to suggest that the
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evidence for the soliton/wave-AP model’s presumed lipid phase transition is “small,” but
what is of interest here is how Fillafer et al. (2021) seemingly are viewing the information
in many of the items they cite through the filter of their presumably “correct” model, and
so end up claiming support for lipid phase changes that seems to not actually be there.
This is perhaps an illustration of what may happen under the thermodynamic/theory-
based philosophical approach when the data have to be viewed in a way so that they will
conform to a model that is presumed to be “correct.”

Another example of this use of the soliton/wave-AP model to judge the data can be
seen with regard to the findings of Lee et al. (2017). Lee et al. (2017) made use of Raman
scattering spectroscopy done on a neuron which was firing APs, and found evidence of
signal changes associated with protein shifts during the APs. It may be noted that others
have used Raman scattering spectroscopy to follow changes in protein conformation in
other contexts (Hildebrandt et al. 1990). Lee et al. (2017) attribute some of the signal
they detect to changes in conformation of the sodium voltage-gated ion channel during
action potentials, and they note that they did not find evidence of changes associated with
signals from the lipids during action potentials. This lack of any indication by this
method of a change in lipid arrangements during AP firing confirms what was reported
previously by Pézolet et al. (1985) and by Savoie et al. (1986). These results from Lee et
al. (2017) may be taken as supportive of the modern electrophysiological-AP model, which
very much depends on conformational changes in voltage-gated ion channel proteins in
the plasma membrane during action potentials. It may also be noted that Sonnleitner et
al. (2002) had previously reported the ability to detect the conformational changes of
fluorescence probe-labeled ion channels in response to changes in membrane potential,
which may be consistent with the findings of Lee et al. (2017). However, a preprint
posted by Shrivastava et al. (2020) characterizes the data from Lee et al. (2017) as
supporting membrane melting during action potentials, which they suggest should be
seen as a “thermotropic transition in the membrane” (Shrivastava et al. 2020, pg. 5)
during the action potential. Thus, Shrivastava et al. (2020) argue that these reported data
should be seen as consistent with the soliton/wave-AP model, which requires that some
sort of lipid phase transition occurs. What Shrivastava et al. (2020) is suggesting is that
during an AP a change in the lipid arrangements (which Lee et al. (2017) did not report
detecting) is actually happening, while the indications of changes in specific proteins
(which Lee et al. (2017) did detect) are then ignored by Shrivastava et al. (2020). Here,
once again, data which would seem to contradict the soliton/wave-AP model, by finding
no clear evidence of a lipid phase transition, are reinterpretated as actually supporting the
occurrence of the soliton/wave-AP model’s presumed phase transition. Mussel et al.
(2021) have since refered to Shrivastava et al. (2020)’s argument as being: “The first work
claiming for detection of a lipid phase transition occuring during an action potential was
only recently published, and used Raman spectroscopy (Shrivastava et al.,, 2020)”
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(Mussel et al. 2021, pg. 108). Thus, even though the Lee et al. (2017) did not report any
evidence that indicates such a lipid phase transition was happening during action
potential firing, the advocates for the soliton/wave-AP model still refer to this work in
support of something it did not actually find. Thus, under the thermodynamic/theory-
based philosophical approach the data must be forced to fit the model.

Nor is this the only matter in which Mussel et al. (2021) seem to reinterpret the findings
reported by others. Mussel et al. (2021) notes a theoretical study by Yagisawa et al. (1993)
in which it is suggested that a self-sustaining oscillation of phase transitions might be
achieved in a phospholipid bilayer system. What Yagisawa et al. (1993) presented was a
theoretical hypothesis, as a model, which if confirmed in an actual lipid bilayer system
might indeed lend some interesting aspects to the soliton/wave model. This hypothesis
was tested by Srivastava et al. (1998) in actual lipid bilayers and about their work Mussel
et al. (2021, pg. 108) states.. “Nevertheless, self-sustained oscillations of electrical
potential difference across a synthetic lipid bilayer were demonstrated (Srivastava et al.,
1998).” However, what Srivastava et al. (1998, pg. 75) actually reported was: “The data
do not corroborate the postulate of gel-liquid crystal phase transition, induced by the
repetitive adsorption and desorption of protons by the membrane surface... The model
[presented by Yagisawa et al. (1993)] though theoretically self consistent does not seem to
correspond to the actual reality at least in the liquid membrane bilayer system presently
studied.” This then is what Mussel et al. (2021) cite in support of the notion that phase
transitions can be self-sustaining. nHowever, they make a claim here that directly
contradicts the actual findings of Srivastava et al. (1998), and in doing so they show, once
again, how under this thermodynamic/theory-based philosophical approach the data must
be fitted to the presumed “correct” model, even, apparently, if that means directly
contradicting what previous researchers conclude about their own findings. This perhaps
indicates the level of confidence some of those good folks who advocate for it place in their
soliton/wave-AP model?

Lastly, one particularly interesting example of how this thermodynamic/theory-based
philosophical approach is applied with regard to the soliton/wave-AP model can be seen
in an instance where an initial claim actually ended up being modified. What actually
caused this modification of the soliton/wave-AP model in this case is of interest. The
specific instance, described more fully previously (Meissner 2018), is with regard to the
claim made by the proponents of the soliton/wave-AP model that two action potential
moving in opposite directions towards each other and which collide would, as waves, pass
through each other and not annihilate (Appali et al. 2012; Gonzalez-Perez et al. 2014,
2016; Lautrup et al. 2011; Vargas et al. 2011). The fact that in Gonzalez-Perez et al.
(2014) they actually reported observation of annihilation of colliding action potentials in
some cases apparently was not sufficient for them to consider their hypothesis to be in
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doubt. Thus, a presumed theory-based model in which they instill great confidence was
not to be questioned by the mere finding of apparently contradictory observations.
Neither of great influence were the comments by Berg et al. (2017) who noted that action
potential annihilation has been commonly observed by neurobiologists, and indeed is
commonly used in mapping neuronal connections. In response to all of this apparently
disconfirming evidence, some of the advocates of the soliton/wave-AP model replied that
such reports of action potential annhibilation needed to be reevaluated (Wangetal. 2017).
Thus the confidence these advocates had in their soliton/wave-AP model was such that
they would rather put faith in their model than consider disconfirming evidence. This
seems to be a common feature of the thermodynamic/theory-based philosophical approach,
in that the model is used to judge which specific evidence should be accepted or rejected.
What makes this example especially interesting is that more recently some advocates of the
soliton/wave-AP model have shifted their views on this matter, and now allow that
colliding action potentials may indeed be able to under go annihilation (Drukarch et al.
2021; Mussel et al. 2021). This altering in their stance was not brought about merely
by any new evidence from experiment or observation. Rather this alteration seems to be
mainly the result of the devising of a means to account for action potential annihilation via
a theoretical approach (Shrivastava et al 2018b). Thus, wunder this
thermodynamic/theory-based philosophical approach the models presented can be altered
if there is a basis in theory to justify the alteration. —However, apparently mere
observational or experimental results are not granted sufficient authority under this
philosophical approach to lead to any significant judgement being made of a model. This
confirms that this thermodynamic/theory-based philosophical approach is using a very
different standard of evidence compared to the scientific method where models would be
judged by observational and experimental evidence (Fig. 3).

4d. On the uses made of the Newtonian maxim.

Another interesting aspect of this thermodynamic/theory-based approach is the notion
that there can only be one cause for a given phenomenon (Drukarch et al. 2021;
Schneider 2021). This is seen in their use of a Newtonian maxim, which is presented in
Fillafer et al. (2016, pg 363) as follows: “We are to admit no more causes of natural things
than such as are both true and sufficient to explain their appearances. Therefore, to the
same natural effects we must, so far as possible, assign the same causes.” Thus under this
Newtonian maxim once an explanation is achieved by these advocates of the soliton/wave-
AP model through their theory-based approach, then no other causal explanation need be
considered leaving their theory-based explanation as the only acceptable view. All other
alternatives are therefore to be rejected.
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As an example of the application of this Newtonian maxim we may look to the
argument given by Schneider (2021) with regard to the existence of protein-based ion
channels. Such channels are, of course, central to the operation of the
electrophysiological-AP model. However, the soliton/wave-AP model assumes that there
is no movement of ions across the plasma membrane through ion channels during an action
potential (Appalietal. 2012; Gonzalez-Perezetal. 2014; Heimburg2010; Vargaset
al. 2011). Thisargumentis carried further when Schneider (2021) applies the Newtonian
maxim to this issue and claims that the mere existence of lipid pores that form during lipid
phase transitions would account for any movements of ions that might occur and so, given
a cause for the phenomenon of ion flow across the membrane, no other means or causes for
ion flow across membranes should be sought or considered; an argument that is also
found in other articles by the advocates of the soliton/wave-AP model (Kang et al. 2020;
Zecchi et al. 2021). Though it should be recalled that the formation of such lipid pores
has been reported to be damaging to cells (Pakhomova et al. 2014; Meissner 2018). So
having pointed out that transmembrane ion flow can be accounted for by lipid pores that
appear in association with lipid phase transitions without any proteins being present,
Schneider (2021, pg. 5) then states the following conclusion: “Hence, the hypothesis [of
protein-based ion channels] is falsified...”  Thus, given their confidence in the
soliton/wave-AP model, based on its presumed foundation in basic conservation laws and
thermodynamic principles, this rejection of the existence of protein-based ion channels is
further argued to be indicated by this application of the Newtonian maxima apparently
because there is another means for ions to pass through bilayers and membranes.

Of course, there is much evidence in favor of the existence of protein-based ion
channels. A review by de Lera Ruiz et al. (2015) of what is known about just one category
of voltage-sensitive sodium ion channels notes that over a two year period well over a
thousand articles were published on just this one category of ion channels! Information
about these and many other types of ion channels, as well as methods used in their study,
is noted by McClintock et al. (2018) to be collected in the CRC text “Handbook of Ion
Channels.” One study, Holzenburg et al. (1993), which examined the structure of an ion
channel protein, is perhaps notable as Prof. Heimburg was a coauthor. The good Prof.
Schneider (2021), in claiming that the existence of such ion channels has been “falsified,”
does not state explicitly what he considers to be wrong with the body of the current
evidence for the existence of protein-based ion channels, nor does he suggest any type of
evidence he would accept that might cause him to consider that such ion channels actually
exist. Rather Schneider (2021) is claiming, through a strict application of the Newtonian
maxim, that evidence for one way that ions can move across a membrane or bilayer should
preclude consideration of any evidence of other ways to achieve such movement. Thus
only one cause is to be accepted, and all other alternatives are to be rejected. In this case
the one cause that is accepted by Schneider (2021) happens to be one consistent with the
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soliton/wave-AP model, as he claims it follows, in some manner, from the law of
conservation of momentum (Schneider 2020).

Of course, logically, someone who has high confidence in the electrophysiological-AP
model, perhaps because of its being based on relatively simple relations (Powell etal. 2021)
which are connected to the laws of conservation of energy and of charge, might be tempted
to apply the Newtonian maxim as a means to then argue against the soliton/wave-AP
model? But under the scientific method such an argument would not be accepted as
definitive, as under the scientific method multiple causes can exist for many phenomena.
Rather, under the scientific method it might be argued that there is good evidence for
soliton/waves in lipid monolayer and bilayer systems, but, so far, little evidence for them
in the biomembranes of living cells. At the same time, under the scientific method, the
modern electrophysiological-AP model can be accepted as a plausible basis for action
potentials seen in excitable cells, while at the same time noting that such a model could not
operate in pure lipid bilayers due to the absence of the needed protein-based ion channels.
Thus what the scientific method allows is for similar patterns of events and phenomena to
have different causes, especially in different contexts. And so under the scientific method
both the soliton/wave model and the electrophysiological-AP model can be seen as
essentially valid, but operating in different contexts such that there is no need to argue for
one versus the other in some sort of competition. Thus, what is critical is that the
thermodynamic/theory-based philosophical approach through its use of this Newtonian
maxim does not promote an acceptance of there being multiple possible causes in different
contexts, rather it tends to force a seemingly false choice to have to be made so that only
one option is accepted. This is in stark contrast to how a careful consideration of
alternatives is an essential aspect of good science as done under the scientific method.

Indeed, if we were to apply this Newtonian maxim strictly it would lead us to some
rather unfortunate outcomes. For instance, if we first discover that proteins can engage in
enzymatic catalysis, with that cause of catalysis in hand we would, under the Newtonian
maxim, have to reject RNA-based enzymes (i.e., ribozymes) as an additional cause of
catalysis. Or, given the discovery that exposure of cells to ultraviolet radiation can lead
to mutations in the DNA, under the Newtonian maxim knowing this cause of mutations
should then preclude us from exploring chemical mutagens as an additional cause of
mutations. Once ATP synthesis by substrate-level phosphorylation in glycolysis is known,
then, under this Newtonian maxim, having this one cause established should preclude
consideration of ATP production by the mechanism of chemiosmosis. Knowing that
wildfires can be caused by lightning strikes should, then, preclude any consideration of
wildfires being caused through human activities. Also, given the discovery that certain
combinations of disease symptoms are caused through infection by a certain virus, such as
viral influenza, then, under the Newtonian maxim, we should not look for other causes of
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these symptoms, and so the alternative that similar symptoms might result from infection
with certain bacteria would not be open for consideration. Many other examples exist, the
point being that many phenomenon are well known to have multiple causes, and so a
justification for the use of this Newtonian maxim to limit consideration to just one cause
seems lacking. Given that multiple causes are commonly encountered, how the advocates
for the soliton/wave-AP model can argue that theirs is the only model that should be
considered does not seem to be adequately justified by this flawed Newtonian maxim. In
addition, their argument that the soliton/wave-AP model should be given primacy due to
its connections to certain laws of conservation also seems uncompelling when it is recalled
that the modern electrophysiological-AP model also has connections to several
conservation laws.

This weakness in the Newtonian maxim has been noted by others. Westaway (1919,
pg. 244) states the following on this matter: “But whatever Newton may have intended
his vera causa precisely to signify, Mill is of opinion that Whewell has conclusively shown
Newton’s maxim to be wanting in both precision and self-consistency... At all events, it
can hardly be considered necessary that the cause assigned should invariably be a cause
already known; otherwise, we should sacrifice our best opportunities of becoming
acquainted with new causes. It would be unreasonable to affirm that we already know all
existing causes.” The implication is that by its use of the Newtonian maxim the
thermodynamic/theory-based philosophical approach is unnecessarily limiting in its
consideration of alternative explanations. This is in stark contrast to the scientific method
in which consideration of plausible alternative explanations is typically expected.

What is especially interesting about the application of this Newtonian maxim by the
advocates for the soliton/wave-AP model is that often when they make a claim that there
can be only a single cause, the cause they put forward as acceptable is the one offered by
their model. And, it does not seem to matter just how much evidence exists for the
rejected alternatives. Which suggests that this maxim is applied as a means to attempt to
justify considering only one cause and to avoid consideration of any alternatives. Thus
when Schneider (2021) claims under this single-cause Newtonian maxim that protein-based
ion channels just should not be considered, notice how this leaves as the only alternative
one that is more consistent with the soliton/wave-AP model. The same pattern is seen in
the way that the advocates for the soliton/wave-AP model reject the role of ion flows during
action potentials, or the production of net heat from AP firing, or many other alternative
explanations that are consistent with the modern electrophysiological-AP model (Meissner
2018). These alternatives are rejected it seems because of a dogmatic adherence to a one-
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cause? mentality, which then allows these good people to avoid having to engage with the
actual evidence for those alternatives. Thus the application of this Newtonian maxim
seems to be done in a biased manner, so that their own soliton/wave-AP model is favored.

The application of this Newtonian maxim by the advocates for the soliton/wave-AP
model also seems to be done somewhat inconsistently. This is seen in the arguments they
make where, in suggesting how there might be induction of a lipid phase transition, upon
which their model depends, they are willing to accept multiple possible causes. They
argue that either changes in temperature, pressure, pH, or other items might all act, either
individually or in some as of yet ill-defined combination, to cause the induction of a lipid
phase transition in the plasma membrane of excitable cells (Kang et al. 2020; Drukarch
et al. 2021; Fillafer et al. 2016, 2021; Schneider 2021). This acceptance of multiple
causes is an apparent violation of their favored Newtonian maxim, but in this case they do
not argue that the phenomena of lipid phase transitions should be limited to just one cause.
Thus, their use of the Newtonian maxim is done to argue against alternatives to their
soliton/wave-AP model, but when their own soliton/wave-AP model requires a
consideration of multiple possible causes then they are quite willing, it seems, to ignore this
Newtonian maxim. Therefore, this Newtonian maxim is being used as a rhetorical device
(i.e., a debating tactic if you will) by the advocates of the soliton/wave-AP model to attempt
to sweep aside the alternatives to their favored model and to ignore the evidence for those
alternatives.

4e. A neo-Aristotelian approach.

Here it is being argued that the advocates of the soliton/wave-AP model have devised
a philosophical approach that is very different from that seen under the scientific method.
Their approach assumes some sort of ideal, or irrefutable, background knowledge from
which “correct” models can be generated. This then presumably “correct” model is used
to judge which data fits with it and are to be accepted, and which data should be rejected
or ignored (Fig. 3B). Those who have read something of the history of science will likely
recognize elements of this thermodynamic/theory-based philosophical approach as being
very similar to that used in the past. The Platonian approach assumed an ideal state, and
the Aristotelian approach advocated for the fitting of data to the model (Lewes 1864;
Westaway 1919). For instance, Lewes (1864, pg. 79) states: “The metaphysician and
metaphysicist pretend to co-ordinate facts with all the rigor of a physicist; but they admit

2 We might say: One cause to rule them all, one cause to find them, one cause to bring
them all, and in the darkness bind them. In the land of lipids where the shadows lie.
(With apologies to J.R.R. Tolkien (1973) for the abusive rephrasing of his fine work.)
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facts which have not withstood the preliminary test, and facts which are not amenable to
that test. This disregard and misapprehension of the test are due to overweening
confidence in the validity of reason. Ideas are accepted, unchallenged, as the correct
representatives of the external order.” The effects of the broad use of this sort of
philosophical approach then need not be imagined, its effects are already displayed for us
in scientific history. Indeed von Sachs (1906, pg. 171) describes these flawed early
philosophical approaches in the following way: “Idealistic views of nature of all times,
whether they present themselves as Platonism, Aristotelian logic, Scholasticism or modern
Idealism, have all of them this in common, that they regard the highest knowledge
attainable by man as something already won and established; the highest axioms, the
most comprehensive truths are supposed to be already known, and the task of inductive
enquiry is essentially that of verifying them; the results of observation serve to elucidate
already received views, to illustrate already known truths; inductive enquiry has only to
establish individual facts.” Thus this philosophy is not focused on discovery of new
principles, rather existing laws and principles are granted such authority that they are then
used to organize new data. This flawed feature is also seen in the current
thermodynamic/theory-based philosophical approach. This early philosophical approach
led to stagnation, as can be seen across history in how this Aristotelian approach held
investigations in such a trap of trying to confirm what was presumably already known, and
so ignoring new features being offered up by reality, that for over a thousand years
European science suffered a dark age. It was only with the coming of the scientific
renaissance and the devising of the scientific method that European science began to reject
metaphysical idealism and demanded that models and hypotheses be tested and judged by
the collection of new data. Without confirmation of deductions, without testing of
hypotheses and assumptions, no matter how firmly a model is thought to be based in
theory, there is a risk of going astray. Westaway (1919, pg. 76) notes this in his description
of the flaws of the Aristotelian approach: “Deductions drawn from unverified hypotheses
are necessarily always open to doubt. The great danger of accepting such deductions was
entirely overlooked by Aristotle, whose blunders, in consequence, are often grotesque.”

Thus, it seems that the thermodynamic/theory-based philosophical approach is in
essence a neo-Aristotelian approach, and it shares the flaw of a lack of rigorous testing of
its assumptions and hypotheses as well as the presumption that the model should be given
authority over data. To those who use the scientific method the certainty that the
advocates of the soliton/wave-AP model place in their model may well appear to be over
confidence. This too, has been noted to be a feature of earlier Aristotelian philosophy
(Westaway 1919, pg. 28): “The fallacy is not usually in the actual chain of reasoning;
philosophers do not often make elementary blunders of that kind. It is traceable rather to
an untenable major premiss, adopted, perhaps, because of the royal confidence felt in some

7

unexamined intuition, or because of some unsuspected prejudice...” As noted previously
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(Meissner 2018) one key assumption, and there are many others, that the advocates of the
soliton/wave-AP model have made is that the phenomena associated with the lipid phase
transitions they have documented in simple artificial lipid bilayer and monolayer systems
must then mean that lipid phase transitions account for similar phenomena in the biological
membranes of excitable cells. This they claim to be a valid connection, not because of
actual evidence of such lipid phase changes happening in biological membranes, but
because it is implied, they claim, by thermodynamics and other laws and principles. Thus
this is a neo-Aristotelian manner of thinking, and shares many of the flaws and limitations
seen earlier in history in similar approaches.

It is because of the philosophical approach we call the scientific method that we have
managed to discern at all such things as the laws of conservation, the principles of
thermodynamics, and a great may other patterns found in the universe around us
(Westaway 1919; Ayala 2009). How ironic then, that after making this philosophical
advance, and attaining this level of understanding of how to proceed productively in
science, some would abandon the scientific method, and claim that we now know enough
about the universe to allow us to revert to a type of metaphysical neo-Aristotelian approach,
which seems to be what this thermodynamic/theory-based philosophical approach
represents. But in using their thermodynamic/theory-based philosophical approach the
good folks who advocate for the soliton/wave model risk stepping away from doing science,
and towards doing doctrine. We might take to heart the words of Platt (1964, pg. 350)
who when noting some areas of science seem to be advancing more than others stated:
“Unfortunately, I think, there are other areas of science today that are sick by comparison,
because they have forgotten the necessity for alternative hypotheses and disproof... This
is not science, but faith; not theory, but theology.”

5. In conclusion.

As noted previously, the soliton/wave-AP model has much of its support coming from
studies of lipid bilayer and monolayer systems, and much of that work is very interesting
indeed. Itis rather fascinating to consider just what phenomena can be displayed by such
relatively simple systems. And this naturally leads to questions of whether or not changes
in lipid phases might have a functional adaptive role to play in biological membranes.
Such questions are worthy of study. However, when the findings and relationships devised
for such simple homogeneous lipid bilayer and monolayer systems are said to be universal,
and the claim is made that these same relationships will operate in all biological membranes
no matter their composition, and such claims are suggested to be beyond questioning, it
then becomes the case that major reservations and questions arise (Peyrard 2020). Thus,
the underlying questions being asked by the advocates of the soliton/wave-AP model are
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interesting and important, but the manner in which they are approaching these matters
seems to have flaws.

This article has presented the argument that composition matters, and that specific
interactions between specific membrane components influence what phenomena can occur,
specifically in terms of whether lipid phase transitions and so soliton/waves should be
expected to occur in eukaryotic membranes. The suggestion has been made that further
study is needed of how soliton/wave phenomena may be limited to certain compositions,
and so might be precluded from happening, or may occur in ways that are rather modified
in yet other compositions compared to the pure DPPC bilayers upon which the
soliton/wave model was largely originally based. It should also be noted that if across the
normal physiological range of conditions no lipid phase transition occurs, as in a
differential scanning calorimetry scan indicating a zero change in specific capacity relative
to the baseline, that does not invalidate the equations devised by the good folks who have
presented the soliton/wave-AP model. It merely may indicate that under certain
conditions, when the AC; is zero, that such soliton/waves may be unlikely to occur. It has
been noted that this potential limitation of the soliton/wave system may be explored by the
use of combinations of lipids in bilayer systems to examine the influence of composition.
Testing has also been suggested to be needed in the matter of whether the changes in
surface potential the soliton/wave-AP model suggests occur do actually have macroscopic
influences. Thus, this article has questioned the claim of universality put forward by the
good folks who advocate for the soliton/wave-AP model.

This article has also attempted to argue that for phenomena to be accepted as being
used by living organisms the conditions under which the phenomena occur should fall
within the normal physiological range. Phenomena that require conditions that are not
within the normal physiological range of temperature, pH, or pressure may be argued then
to be phenomena that we can induce artificially, but may not be phenomena that occur
normally in vivo as the conditions needed to induce them are avoided by life as being
damaging and so may seldom occur.

Perhaps the most important issue raised in this article, however, has to do with the
philosophical approach used by the good advocates of the soliton/wave-AP model; the
thermodynamic/theory-based philosophical approach. It has been argued that this
approach shares many of the flaws that are found in metaphysical approaches used before
the devising of the scientific method, and so is argued to be a neo-Aristotelian approach.
And it has been argued that this thermodynamic/theory-based philosophical approach
differs significantly in terms of operation and standards of evidence compared to the
current scientific method.
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Under the scientific method the advocates of the soliton/wave-AP model are welcome
to directly and fully examine the evidence for the existence and operation of protein-based
ion channels, for the changes in permeability to certain ions that occurs during an action
potential, and for the way that the net heat associated with an action potential is related to
its dependence on metabolic processes and so is dissipative, etc. Thus, replication of the
critical experiments that led to these and other findings, with perhaps improvements in
methods, and the reporting of any findings that differ from those previously reported
would be welcome. They also are welcome to carry out the proposed tests presented in
this article, and previously in another (Meissner 2018), and present the results from them
to show, if possible, that the many claims they make with regard to their soliton/wave-AP
model are upheld. But the good people who operate under the thermodynamic/theory-
based philosophical approach have largely not taken this approach, instead they offer
claims that their model is “correct” in all essential ways, that its features are inevitable, and
so is essentially irrefutable, they fit the data to their model, and they use rhetorical devices
to avoid considering evidence that challenges their model. This illustrates how this
thermodynamic/theory-based philosophical approach is quite different from the scientific
method in terms of its standards of evidence.

Whether or not the advocates of the soliton/wave-AP model choose to continue using
their current thermodynamic/theory-based philosophical approach, or whether they
choose to use the modern scientific method, is for them to decide. But the choice they
make will clearly matter in terms of the standards of evidence they use, and so may be
expected to influence their attempts to argue effectively to the bulk of fellow scientists in
favor of their soliton/wave-AP model. Clearly, most scientists expect the use of the
scientific method and base their acceptance or rejection of hypotheses and models on the
scientific method’s philosophical approach and on its standards of evidence. Such a use
of the scientific method should also involve a careful and rigorous examination of
alternatives, and not merely dismiss them due to an assumption that a favored model is
“correct.” By using their different philosophical approach the advocates for the
soliton/wave-AP model are making it far more difficult for themselves to produce a case
capable of convincing those who use the scientific method of the validity of their model, as
their thermodynamic/theory-based philosophical approach uses fundamentally different
standards of evidence. This may also have the unfortunate outcome of causing there to
be less investigation done into many of the interesting fundamental questions that these
good people are raising. Therefore, these good people are urged to consider making full
and robust use of the scientific method as the best means to advance our knowledge about
many of the interesting possibilities they have raised.

In closing, as a reminder of the need for all scientists to consider alternatives
(alternatives to the soliton/wave-AP model, as well as alternatives to the
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electophysiological-AP model) without bias or prejudice, a quote from Locke (as given by
Westaway 1919, pg. 130) would seem appropriate:

“To those who would shake off the great and dangerous monster, prejudice, who dresses up falsehood
in the likeness of truth, I shall offer this one mark whereby prejudice may be known. He that is
strongly of any opinion must suppose that his persuasion is built upon good grounds, and that his
assent is no greater than what the evidence of the truth he holds forces him to, and that they are
arguments and not inclination or fancy that make him so confident and positive in his tenets. Now
if, after all his profession, he cannot bear any opposition to his opinion, if he cannot so much as give
a patient hearing, much less examine and weigh the arguments on the other side, does he not plainly
confess it is prejudice governs him?”
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