Supplementary Materials

1 Theory for conductance models

We refer mainly to [10] in this section.

A patch of a cell membrane may be viewed as an electrical circuit (Supple-
mentary Figure 1) quantifying both the ion flow across it and the accumulation
of ions near the membrane surface. It must first be shown that each component
of this equivalent circuit corresponds to a particular current, and then, using
the principle of charge conservation (Kirchoff’s current law), we will group all
these currents into a differential equation describing the evolution of voltage
over time.

A current will be defined as positive (or inward) either when positive ions
flow into the cell or when negative ions flow out. Note that all variables except
for voltage may be restated as densities, e.g. current per unit area, but we omit
these distinctions in this section for clarity.

1.1 Ion channel currents

Each class of ion channels is treated as a battery with variable internal con-
ductance g; and current I; related by g; AV = I;. The conductance for the ion
channel population depends on the probability of a channel in that population
is open, so we have:

9i = GiDi

where g; is the maximal conductance (when all ion channels in class i are
open) and p; is the probability that any given channel in that class is open. The
configuration of a set of ion channels will refer to the set of these conductances.
We can visualize configurations in Figure 1B-C in the main text, where we
represent the proportion of open channels over total channels as angles on a
circle. So-called “leak” channels are always open, so the total current is a simple
linear relationship with the voltage (i.e. it follows Ohm’s law). Other channel
classes may open with probabilities that depend on membrane voltage (see also
Section 1.1.4)% .

The battery represents the concentration gradient’s effect on the flow of an
ion (or ions, if the channel is permeable to more than one [6]), its voltage equal
to the channel’s reversal potential F;. At the reversal potential, diffusion down
the concentration gradient is counterbalanced by the electrical force and the
current is equal to zero.

The current flowing across each population of ion channels, then, is:

Ii=g;- (V- E;) (1)

LOther external factors that may affect ion channel gating, e.g. pressure, may also lead
to nonlinearities, but the system will usually be described as nonautonomous, or explicitly
depending on time.
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Figure 1: Equivalent circuit for a membrane patch with two voltage-gated chan-
nels, one leak channel, and external current source

1.1.1 Capacitive current

The phospholipid bilayer, meanwhile, acts as a capacitor, allowing for a charge
Q@ to collect on either side of the membrane depending on the voltage V' across
it. The amount of charge it accumulates per unit voltage, which depends on
its surface area, is its capacitance C = % Whenever the voltage across the
membrane changes, this charge redistributes, generating a capacitive current
I.. Because I = % by definition, rearranging and differentiating with respect
to time (assuming constant capacitance) yields an alternate description of this

current in terms of capacitance and the rate of voltage change:

av
I.=C— (2)

1.1.2 Current balance

Kirchoff’s current law is a statement of the charge conservation principle for
ideal conductors (here, small stretches of intra/extracellular fluid between the
membrane and measurement apparatus), represented by wires/short circuits in
the circuit diagram. No current “disappears” at any point on these conductors,
and so any inflowing (positive) current must be balanced by outflowing (neg-
ative) current at each point. This balance of all currents (indexed by j) I; is
captured by the equation:
Y I;=0
J

which in our case, after rearranging, results in a differential equation:

av

—Cor =l + Y 01 (V — E)) (3)

where I.;; represents current from an external source such as a voltage
clamp.



1.1.3 Individual channel currents and phase portraits

As indicated in Equation 1, each channel i’s current can be viewed as drawing
the voltage toward F; at a rate that increases with distance from the reversal
potential; this rate is then scaled by the number of open channels. The rever-
sal potential changes with internal and external ion concentrations, as well as
temperature, both of which differ in the amphibian (oocyte) and mammalian
cases.

Gating variables In order to model the dynamics of specific active channels,
we next introduce gating variables x, usually classified into m and h, that de-
scribe the voltage’s probabilistic opening and/or closing of channels through the
reconfiguration of channel proteins. Each gating variable acts independently so
that their probabilities multiply; a channel with p = m3h has three activation
gates and one inactivation gate. Channels without inactivation gates are called
persistent.

Activation and inactivation have different voltage dependencies and act on
different timescales, and this allows a channel population to open rapidly as the
voltage crosses, say, —45mV and slowly close once it crosses 70mV. A channel’s
activation properties can often be modeled using two experimentally determined
functions: ma. (V) and 7,,,(V), with inactivation (h and 7,) treated similarly?.
These gating variables can be seen as opening or closing with time according to
the differential equation:

dr  w(V)—z(V,t) 4

dat 7(V) )
This equation models the effect of voltage clamping. When the voltage V is
held fixed, the channel population eventually approaches an activation or inac-
tivation probability x.,, with the distance between x and z., decreasing at an
exponential rate % Its multiplicative inverse, the relaxation time 7., is also
known as the time constant (despite varying with V).

Moo (V) is usually monotonically increasing with V', so that increasing mem-
brane voltage tends to activate more channels. An important class of exceptions
have monotonically decreasing meo (V). The K;.2.1 channel and the HCN fam-
ily are examples of these so-called inward-rectifying channels.

1.1.4 Fast channels

Some channels - the so-called fast channels - reach m, essentially immediately
and are known to have a role in voltage memories. A channel is considered fast
if 3 7,,, is near zero, making m(V,t) =~ ms (V). This can be seen by rearranging
Equation 4 to Tm% = m—me. Here, m is no longer time-dependent; in fact, it
is no longer a differential equation but a function. For such channels, evaluating

2We may use the variable  to refer to either m or h.
30ne can imagine the membrane and leak channel as a low-pass filter suppressing dynamics
faster than the membrane timescale.
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Figure 2: Top: from left to right, phase portraits dV/dt vs. V for a cell express-
ing only Kir2.1, leak, or Ca2.1 channels (all channel variables are assumed fast
for illustrative purposes). Bottom: phase portrait for a cell expressing all these
channels (10:1:10 maximal conductance ratio), with individual cell V overlaid.
Black arrows indicate direction of voltage evolution. Stable fixed points are
indicated by *

dV/dt is a simple matter of plugging in m.. (V) for m where it appears in the
current equation (e.g. [10, Ch. 3]).

When all channels are fast, the entire system of differential equations be-
comes one dimensional, expressible entirely in terms of V. Writing this as

dav
=) (5)

we can now see that the memories exist precisely where f(V') crosses the V
axis with a downward slope. At voltages slightly above V,,em, ‘fi—‘t/ is negative,
and the membrane potential returns to Vy,en. Slightly below Viem, % is
positive and If % is negative at very high voltages and positive at very low
voltages, as is always the case here, then the dynamics are guaranteed a priori
to evolve toward precisely one memory. Moreover, the number of memories is
bounded from above by [R/2], where R is the number of roots of f(V).

When channels are not fast, it is not guaranteed that m ever reaches or
even approaches m., under unclamped conditions. It is not necessarily true,
however, that only fast channels may form multistable memories, as we observe
in the main text.



name ion temp rev m exponent h exponent

A UA 23 -65 3

Ca Ca 35 50 2 1
Cav2.1 Ca 21 135 1 0
Cav2.2 Ca 36 135 2 1
Cav2.3 Ca 36 135 1 1
Cav3.1 Ca 0 30 1 1
Cav3.3 Ca 0 30 1 1
HCN1 Hen 0 -45 1 0
HCN2 Hcn 0 -45 1 0
HCN3 Hcn 0 -45 1 0
HCN4 Hcn 0 -45 1 0
Ih Hcn 34 -45 1 0
K K 9.3 -78 4 0
K K 23 -65 2 1
K K 23 -65 2 1
K K 23 -65 1 1
Kir2.1 K 28 -70.6 1 2
Kvl.1 K 24 -65 1 2
Kv1.2 K 20 -65 1 1
Kv1.3 K 0 -65 1 1
Kvl.4 K 0 -65 1 1
Kv1.5 K 9 -90 1 1
Kv1.6 K 23 -65 1 1
Kv2.1 K 23 -65 1 1
Kv2.2 K 23 -65 1 1
Kv3.1 K 23 -65 1 0
Kv3.1 K 22 -80 4 1
Kv3.1 K 23 -65 1 0
Kv3.2 K 22 -80 2 0
Kv3.3 K 23 -65 1 0
Kv3.3 K 23 82 2 1
Kv3.4 K 23 -65 1 1
Kv4.2 K 23 -68.7 3 1
L Ca 36 80 2 1
L Ca 36 80 2 1
M K 0 -84 1 0
M K 0 -84 1 0
M K 0 -84 1 0
Na Na 9.3 50 3 1
Na Na 23 50 3 1
Na Na 23 50 3 1
Na Na 23 50 3 1
Na Na 23 50 3 0
Navl.3 Na 23 50 3 1
Navl.6 Na 23 50 1 0

Table 1: Ambient temperatures and reversal potentials for ion channels as listed
in the Channelpedia database. HCN: Hyperpolarization-activated and cyclic
nucleotide-gated (responsive to both voltage and internal cAMP, where cAMP
shifts the voltage response)

2 Model selection, parameter correction, and stan-
dardization

45 ion channel conductance models were found as .channelml files in the Chan-
nelpedia [15] database and imported into the myokit toolbox [4]. Some basic
model information - as found in the database - is shown in Table 1. These
models had been constructed from a number of different voltage-clamp experi-
ments conducted at several different ambient temperatures. Some entries in this
database were incorrect, and our goal in this section is first to make necessary
corrections, and then to standardize these models to a particular temperature
so that channel models generated under different conditions may be combined.

2.1 Temperature Corrections

Several channels were indexed in the database with an implausible experimental
temperature of 0°C' - examination of a source publication suggested that this



Channel name | Corrected T(C) | Mammalian ‘ Original reference ‘ Temperature reference

Cav3.1 25 N [20] [1]
Cav3.3 25 N [20] [1]
HCN1 36 Y
HCN2 36 Y
HCN3 36 Y
HCN4 36 Y
Kv1.3 36 Y
Kvl.4 36 Y

Table 2: Temperature corrections for models indexed at 0°C. References pro-
vided for models constructed with nonmammalian data.

value was imputed whereever the ambient temperature was not reported directly.
This was confirmed via email with a Channelpedia curator.

Temperature data were then corrected through two approaches. When such
a model was constructed from a channel expressed in mammals, we assumed
36°C'" as the model’s experimental temperature. Examination of one source of
nonmammalian data yielded a reference to previous work for baseline experi-
mental conditions, and we were able to find accurate temperatures for the two
models in that paper. Corrected values and references are found in Table 2.

2.2 Temperature rescaling

A given conductance model holds exactly at only the temperature for which it
was constructed. However, the effect of temperature on rate may be estimated
through the ad hoc temperature coefficient @1, a factor by which reaction rates
are scaled when temperature is increased by 10°C.

(T2—T1)/10
Ry
Qo= |—= 6
10 (R1> (6)

Voltage-dependent kinetic rates are described by 1/7(V) in conductance
models, so Q19 in terms of 7 is:

N
Q1o = () (7)

T2

and

T2 :Tle%(Tl_Tz) (8)

or
To = 07’1 (9)

A slow variable at temperature Ty, then, can become a fast variable at
Ty > Ty. However, it is also possible for a channel to have Q19 < 1, making
it faster at low temperatures than at high temperatures, as is the case in some



Experimental Temperature T} (°C) ‘ T —T, (°C) ‘ =2 at T =23°C

9 -14 0.2
20 -3 0.7
21 -2 0.8
22 -1 0.9
23 0 0
24 1 1.1
25 2 1.2
28 5 1.7
34 11 3.3
35 12 3.7
36 13 4.2

Table 3: Model scaling of characteristic time 7 for various experimental tem-
peratures (assuming Q19 = 3).

transient receptor potential (TRP) channels [3]. These authors also cited [§]
as noting that Q1o tends to take values between 2 and 4 for the voltage-gated
channels that are our primary concern here, and we adopt the traditional value
of 3 for all channels.

Because Q¢ imperfectly characterizes rate changes, it would normally be
desirable to apply temperature corrections to as few models as possible while
remaining in a temperature range suitable for development. We therefore chose
the modal temperatures 23°C for all of our combined Xenopus models and 36° C
for the mammalian models. Approximate temperature-induced changes in 7 for
Q10 = 3 are in Table 3. Letting T' = 23°C will slow variables originally modeled
at 36°C by approximately fourfold.

It is important to note that half-voltages may also shift with temperature
[22], but we do not model this here.

2.3 Selection of models

We removed all ion channel models that did not refer to genetic information
(often these models were from older studies). This excluded from consideration
all voltage-gated channel models without the x.y descriptor indicating genetic
family as well as all M-type potassium channels and L-type calcium channels.
We were left with 28 channel models - however, 11 of these were excluded either
because they exceeded the scope of our modeling techniques or due to parsing
difficulties, leaving 17 models. Further documentation, including remarks on
whether the excluded channels are likely to form memories based on our main
results, follows:



’Index ‘ Type ‘T(OC) ‘T—scaling Notes References

2 Cav2.1 21 0.8 Fast, persistent [13]
3 Cav2.2 36 4.2 [9]
4 Cav2.3 36 4.2 [13]
5 Cav3.1 25 1.2 Excluded [20]
6 Cav3.3 25 1.2 [20]
7 HCN1 36 4.2 Persistent [14]
8 HCN2 36 4.2 Persistent [14]
9 HCN3 36 4.2 Persistent [14]
10 HCN4 36 4.2 Persistent [14]
16 Kir2.1 28 1.7 Fast activation [11]
17 Kvl.1 24 1.1 [2]
18 Kvl.2 20 0.7 [18]
19 Kv1.3 36 4.2 Excluded

20 Kvl.4 36 4.2 [19]
21 Kvl.5 9 0.2 Fast activation, Excluded

22 Kv1.6 23 1 [71
23 Kv2.1 23 1 [21]
24 Kv2.2 23 1 [16]
25 Kv3.1 Excluded

26 Kv3.1 Excluded

27 Kv3.1 Excluded

28 Kv3.2 Excluded

29 Kv3.3 Excluded

30 Kv3.3 Excluded

31 Kv3.4 Excluded

32 Kv4.2 Excluded

a3 Navl.3 23 1 Fast activation [5]
44 Navl.6 23 1 Fast, Persistent [17]

Table 4: Channel models and references, as found in [15]. Indices correspond to
those used in the simulations.



2.3.1 Kv3.x

Marom and Abbott [12] argued that Kv3.x channels could not be accurately
modeled using only voltage-dependence, and these channels require the addition
of a voltage-independent internal state memory. We excluded these models as
they are not within the scope of our simulation framework.

2.3.2 Numerical/parsing problems

Kv4.2 was excluded due to parsing difficulties. This channel is an A-type potas-
sium channel that should be expected to have two timescales, one fast and
one slow depending on voltage, and it has unknown memory-forming potential.
Kv1.5 is fast-activating and may be memory-forming.

Similar parsing difficulties led to exclusion of the Kv1.3 and Ca3.1 channels,
although these channels do not have properties that suggest they would form
memories (although Ca3.1, like other Ca channels, might preserve Kir memo-
ries).
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