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Electrophysiology in nanoscale compartments

Madeleine R. Howell™*@®, Rosalind J. Xu*®, and Adam E. Cohen2®

Voltage-gated ion channels play important roles in many membrane-enclosed structures, including synaptic vesicles,
endosomes, mitochondria, chloroplasts, viruses, and bacteria. Here, we study how compartment size and channel gating
interact to shape voltage dynamics and ion content in sub-micron structures. In small compartments, assumptions underlying
conductance-based (Hodgkin-Huxley type) models of membrane voltage must be relaxed: (1) stochastic gating of individual
ion channels can quickly and substantially change membrane voltage; (2) these changes can equilibrate faster than channel
state dwell times; and (3) ionic currents, even though as few as two channels, can substantially alter ionic concentrations. We
adapted conductance-based models to incorporate these effects, and we then simulated voltage dynamics of small vesicles as
a function of vesicle radius and channel density. We identified regimes in this parameter space with qualitatively distinct
dynamics. We then performed stochastic simulations to explore the role of Nay1.5 in the maturation of macrophage
endosomes. The stochastic model predicted dramatically different dynamics compared with a deterministic approach.
Electrophysiology of nanoscale structures can be very different from larger structures, even when ion channel composition and

density are preserved.

Introduction
Ion channels and pumps operate not only in large, patch-clamp-
accessible cells but also in many small membrane-enclosed
structures, including synaptic vesicles (Rahamimoff et al.,
1988; Takamori et al., 2006), endosomes (Carrithers et al.,
2007), lysosomes (Wang et al., 2017), mitochondria (Ichas
et al., 1997), chloroplasts (Finazzi et al., 2015), and diverse mi-
crobes and viruses (Martinac et al., 1987; Berrier et al., 1996;
Radchenko et al., 2006; Martinac et al., 2008; Sze and Tan, 2015)
(Fig. 1 A). Electrochemical gradients in these compartments are
integral to cell physiology: they drive ATP synthesis in mito-
chondria (Sorgato et al., 1987); regulate acidification and cargo
processing in secretory and endocytic organelles (Takamori
et al., 2006; Modi et al., 2009; Scott and Gruenberg, 2011); and
contribute to pH- and voltage-dependent stages of viral entry
(Pinto et al., 1992; Akole and Warner, 2019). In bacteria, voltage-
and mechano-sensitive ion channels participate in the homeo-
stasis of membrane potential, osmotic pressure, and ionic
balance (Berrier et al., 1996; Payandeh and Minor, 2015). Yet,
despite their ubiquity and functional importance, the electro-
physiology of submicron compartments has historically been
difficult to interrogate because of their small size, intracellular
location, and (in microbes) the presence of a cell wall (Cohen and
Venkatachalam, 2014).

This experimental barrier is now largely breached. Geneti-
cally encoded voltage indicators (Adam et al., 2019; Kannan et al.,
2022; Abdelfattah et al., 2023; Lu et al., 2023; Tian et al., 2023;

Hao et al., 2024) and small-molecule dyes (Miller et al., 2012; Yan
et al., 2023; Navarro et al., 2024; Antic et al., 2025) enable in situ
voltage measurements in small and/or intracellular membranes
(Cohen and Venkatachalam, 2014; Sepehri Rad et al., 2018), with
targeted implementations in mitochondria (Crowley et al., 2016;
Kowaltowski and Abdulkader, 2024), dendritic spines (Cornejo
etal., 2021), distal astrocytic processes (Armbruster et al., 2022),
lysosomes (Modi et al., 2009; Saminathan et al., 2021), and
bacteria (Kralj et al., 2011; Benarroch and Asally, 2020). Com-
plementing protein and dye indicators, DNA-based probes
have directly reported organelle electrical and ionic state vari-
ables in live cells: an organelle-targeted “voltmeter” reported
absolute membrane potentials across multiple organelle classes
(Saminathan et al., 2021); single-organelle Na* mapping revealed
pronounced heterogeneity and maturation-dependent shifts in
lumenal sodium (Zou et al., 2024); and an organelle-localized
reporter indicated that voltage-gated K* channels (Ky’s) canon-
ically associated with the plasma membrane can be functionally
active on trafficking organelles, with measurable consequences
for lumenal K* (Anees et al., 2024).

Together, these experiments raise mechanistic questions that
are difficult to answer with classical electrophysiology models:
how are organelle voltages and Na*/K* gradients established and
maintained when copy numbers of channels and transporters
are small (Sabatini and Svoboda, 2000; Mutch et al., 2011;
McVeigh et al., 2025)? When organelle-to-organelle variability
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Figure 1. Small compartments have distinctive electrophysiology. (A) Bioelectrical dynamics occur over a wide range of spatial scales. Excitable com-
partments (left) and model vesicles with simplified geometry (right). (B) In a small compartment, stochastic gating of a single channel changes Vi,, which then
affects channel gating. Changes in Vi, alter the duration of individual channel open events and introduce an effective gating "memory" into the dynamics, despite
the use of a Markovian channel model. In the circuit diagram, the size of the leak resistor indicates g| e, < ga. (C) Coincident activation of channels with
different reversal potentials can drive spontaneous depletion of ionic concentration gradients. Upon Nay opening, I, charges the membrane capacitance and
then maintains steady-state flow out via I, (left panel). For realistic parameters, the capacitive charging current has little effect on internal Na* concentration.
When Nay and Ky opening coincide, inward Iy, is balanced by outward Ix until Ey, and E are equal (right panel). This current drives large changes to internal ion
concentrations. Abbreviations: g,, single-channel conductance of an arbitrary channel; gna, Nay single-channel conductance; gieak, leak conductance; g, Kv
single-channel conductance; E,, reversal potential of an arbitrary channel; En,, Na* reversal potential; E| c,), leak reversal potential; Ex, K* reversal potential; Ina,
Nay current; I sk, leak current; I, Ky current; Cy, membrane capacitance; Vy,,, membrane potential. Created in BioRender. Howell, M. (2025) https://BioRender.

com/nm7zk94.

is large (Zou et al., 2024), does this reflect deterministic
maturation-dependent shifts, stochastic variations in channel
number, or rare but consequential stochastic gating events? And
how do transient channel openings during trafficking reshape
lumenal ion composition, potentially modulating downstream
processes such as acidification, cargo sorting, and maturation
(Modi et al., 2009; Scott and Gruenberg, 2011)?

Answering these questions presents a challenge for the
standard theoretical framework for membrane voltage—the
Hodgkin-Huxley (HH) family of conductance-based models—
which rests on approximations appropriate for large mem-
branes with many copies of each ion channel type. First,
HH-type descriptions are mean-field: conductances represent
ensemble averages over many channels, and fluctuations are
commonly treated as small perturbations around the mean. In
the regime of finite-but-large channel number N, channel noise
is often well approximated by a Gaussian perturbation to con-
ductance (or gating variables), yielding Langevin/Fokker-
Planck descriptions in which voltage performs a diffusion-like
biased random walk about a stable fixed point and spiking
can be described as a Kramers escape process (Skaugen and
Wallge, 1979; Chow and White, 1996; White et al., 1998; White
et al., 2000; Mino et al., 2002; Schmid et al., 2003; Faisal et al.,
2005; Goldwyn and Shea-Brown, 2011). A substantial literature
has explored how membrane area and morphology filter or
amplify this conductance noise and how it impacts spike timing
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and reliability (Johansson and Arhem, 1994; Faisal et al., 2005;
Zeng et al., 2007; Cannon et al., 2010). These approaches have
been powerful precisely because individual channel events
contribute only weakly to Vy,, and because averaging over many
channels smooths the dynamics.

Sub-micron compartments can instead inhabit a qualitatively
different regime in which voltage dynamics are dominated by
discrete single-channel gating events, not by Gaussian fluctua-
tions around a mean conductance. Two scaling relations drive
this transition. (1) Membrane leak conductance scales with
membrane area, so the same single-channel current produces a
larger steady-state AV, in a smaller compartment; in suffi-
ciently small structures, opening of a single channel can drive
Vi close to that channel’s reversal potential. (2) The membrane
charging time in small structures can become fast compared
with the characteristic channel state-transition times, so chan-
nels “feel” their own impact on Vy, during an opening event. This
self-action breaks the separation between channel kinetics and
voltage dynamics that underlies diffusion approximations: in-
stead of nearly continuous, Gaussian-like voltage noise, the
system exhibits jump-like trajectories with history-dependent
effective kinetics (Fig. 1 B). In this regime, it is no longer suffi-
cient to treat stochasticity as a small, additive perturbation to
HH dynamics.

A second HH assumption also can break down in small
compartments: that (except for Ca?*) ionic concentrations are
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effectively constant on the timescale of electrical activity. Ex-
tensions of conductance-based models to include dynamic ion
concentrations and pumps have been developed for neurons and
cardiac tissue (DiFrancesco and Noble, 1997; Hiibel and Dahlem,
2014), but typically in parameter regimes where concentration
changes are slow compared with individual spikes. In contrast,
the same small volumes that amplify voltage responses also
amplify concentration changes driven by ionic fluxes; moreover,
coincident opening of channels with distinct reversal potentials
can produce large counter-propagating ionic currents even
when net membrane current is small, rapidly dissipating gra-
dients in ways not captured by fixed-reversal-potential models
(Fig. 1C). The relevance of this issue is underscored by emerging
measurements showing that organellar ionic contents can be
variable and responsive to channel activity (Anees et al., 2024;
Zou et al., 2024). Thus, a theory aimed at interpreting voltage
and ion measurements in small compartments must simulta-
neously confront (1) discrete stochastic gating that directly
controls Vy,, (2) feedback from V,, onto channel gating on the
timescale of single gating events, and (3) time-dependent driv-
ing forces arising from labile ionic gradients.

Here, we adapt conductance-based electrophysiology to ex-
plicitly incorporate these small-compartment effects. We treat
channel gating as discrete stochastic jump processes (Markov
state models) coupled self-consistently to membrane voltage, and
we update ionic concentrations (and hence reversal potentials)
as currents flow in nanoscale volumes. We use this framework
to map regimes of qualitatively distinct dynamics as a function
of vesicle size and channel density, to identify when determin-
istic HH-like descriptions approximate stochastic dynamics and
when they fail, and to predict new behaviors—such as voltage
“memory” and gradient-depletion-mediated refractoriness—
that emerge when single-channel events dominate. Finally,
motivated by experimental reports of voltage-gated Na* channel
(Nay)L.5 in macrophage endosomes and its proposed role in
acidification (Carrithers et al., 2007), we apply the stochastic,
concentration-aware framework to endosome maturation, il-
lustrating how rare channel openings can produce outsized
physiological consequences in a small compartment. While we
primarily analyze the roles of Nay and Ky, the methodology is not
limited to the canonical HH channels, but can apply to the many
organelle-specific channels and transporters (Xu et al., 2015).
Together, these results provide a quantitative framework for
emerging measurements of voltage and ionic composition in
organelles, microbes, and other small compartments, and they
suggest experimentally testable signatures of the single-chan-
nel-dominated regime.

Materials and methods
All simulations were performed in MATLAB.

Single-channel vesicle model

We examine the interaction between stochastic channel gating
and membrane voltage (V,,) using a single 14 pS conductance
Nay in the membrane of a spherical vesicle. The vesicle also
contains a nonspecific and deterministic leak conductance
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proportional to vesicle area (Ay,) with gy e = IMI’—‘XS12 x Ap, and the
leak reversal potentials (Ep.,.) given below. Simulations of
vesicle Vy, are initialized at Vy, = E[.,. Because unidirectional
single-channel currents do not substantially alter internal elec-
trolyte concentrations, in these simulations Na* and leak re-
versal potentials are held fixed. The Markovian model of
stochastic Nay gating is described below (Markovian dynamics
for voltage-gated ion channels) and in Note S1 in the Supple-
mental text at the end of the PDF. To examine the role of window
currents on channel behavior, we modify Nay kinetics to yield a
model with substantial window current (Nay,) as well as negli-
gible window current (Nay ). These modifications are described
in Note S1 in the Supplemental text.

We simulate (1) V,,, in response to a single channel opening
(Fig. 2 A) with Epy = -93mV; (2) time-to-close of a channel
initialized in the open state (Fig. 2 C) with Ej .,y = -25mV, and
(3) spontaneous trajectories of channel gating and V;,, using either
the default Nay model (Fig. 2 B) with Ej . = -25mV, or the
modified window current models (Fig. 2 G) with Ej oy = - 60 mV.
The depolarized E ., of -25mV in (2) and (3) was chosen such
that Vi, does not transit the window current regime, to isolate the
effect of depolarization on channel kinetics and memory. Ey ;. of
- 60 mV in (3) was chosen such that channel activation forced Vi,
to transit the window regime.

Annotated code for simulating the dynamics in Fig. 2, B, C,
and G, is available at: https://github.com/adamcohenlab/
howell2025small-scale-ephys/tree/main/code-single_NaV_
vesicles.

HH-type vesicle model

We examine the ensemble effects of stochastic and counter-
propagating currents in vesicles with HH-like Nay, Ky, and
leak conductances. While the original HH model does not ex-
plicitly consider intracellular ion concentrations, it can be ex-
tended to an ion-specific form (Hodgkin and Huxley, 1952; Chay
and Keizer, 1983; Sherman et al., 1988; Sherman and Rinzel, 1991;
Barreto and Cressman, 2011; Krishnan and Bazhenov, 2011;
Hiibel and Dahlem, 2014; Hiibel et al., 2014). Following the
conventions of Hiibel et al., the ion concentrations and reversal
potentials are updated at each time step, a Na*/K*-ATPase model
is added to restore the Na*/K* balance, and the nonspecific leak
current is rendered ion-specific (Hiibel and Dahlem, 2014; Hiibel
et al., 2014). Nay and Ky are modeled as discrete and stochastic
with Markovian dynamics (described in Markovian dynamics
for voltage-gated ion channels). All other conductances are
modeled as continuous and deterministic. We assume similar
mobilities for Na* and K* ions, so the contribution of each ion to
the injected current is proportional to its mole fraction in the
extravesicular solution. The formulation is

dvy, 1
T: —C—(IN3+ +IK+ +Icl') M1
M

Ins = N V. —En) =L _ [Na7],
Na* = gNaV open,Nay * gNa“,leak ( m Na*) inj [Na+] + [K+]

o o
+ Blpump

M2
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Figure 2. Reciprocal interactions between single-channel gating and V,, fluctuations in small compartments. (A) Simulated Vi, in response to a single
Nay opening in vesicles of varying size. Ty is the time constant of the voltage response when the channel is open; Timem is the intrinsic membrane time constant
(when the channelis closed). (B) Spontaneous Nay gating (black) and Vi, for r = 10 um (orange) and r = 0.1 um (blue). Leak reversal potential, Ej o = - 25mV.
(C) Mean Nay open-state dwell time as a function of vesicle radius; average of n = 104 simulations of a Nay initialized in the open state with Vi, (t = 0) = E|cal-
Dashed lines show open-state dwell time when V,, is clamped at Vi, = E{ ez (bottom) and Vi, = Ena (top). (D) Closed-state dwell time histograms for voltage
trajectories in vesicles with r = 10 um and 0.1pum, calculated as in B; simulations 5,000 s. Black dashed lines indicate linear fits to the fast T%°%, = 0.47 + 0.01
ms (95% confidence) and slow rljgfed =17 + 0.07 ms (95% confidence) closed state dwell times for the r = 10 um vesicle. Orange and blue vertical lines indicate
mean Teosed for r=10pum (5.4 +12ms)and 0.1um (24 +19ms) vesicles (mean + SD). (E) Time-average membrane voltage during spontaneous single-
channel gating trajectories as in B. Each data point is an average of five 50-s-long simulations. (F) Steady-state activation (solid trace) and inactivation
(dashed) curves for a Nay model with a large window current (Nay, light green) and a Nay model with a small window current (Nay, light purple).
(G) Spontaneous Nay gating (black) and Vi, for the Nay model (left, light green) and the Na; model (right, light purple) in F, for r = 0.1um vesicles at
Eleak = - 60 mV. The Na;, model voltage chatters between epochs of high-frequency oscillation and quiescent epochs. Created in BioRender. Howell, M. (2025)
https://BioRender.com/nm7zk94.

the number of open channels, gio,ea is the leakage conduc-

Ie: =(g Nopenky * Ex- ) Vi - Exc
wy * Nopnis * 8 e ) (Vo ) tance, [ion]; is the internal ion concentration, and [ion], is the

Ly [X'], ~ 2L M3 external concentration. There are differing conventions on

[Na+], + [K+], the sign for voltage and current in intracellular membranes

(Bertl et al., 1992; Saminathan et al., 2021). For consistency

Lo = 8q jea (V- Ear) M4 across discussions of isolated vesicles and intracellular vesi-

N . cles, we use the convention of Saminathan et al. (2021),

Lyump = Lpump max (1 + ef‘) (1 + e5~5*[K‘lo) M5 Vi = Vigmen — Veytosol- In intracellular vesicles, ion channels are

typically oriented with the extracellular domains facing the

Here, V}, is the membrane potential which is defined relative to
the cytosol, i.e., Vin = Viymen = Veytosol, Cm is the membrane ca-
pacitance, Ejq, is the reversal potential; Loy is the ionic current
(flow from lumen to cytosol is defined as positive), Iiy; is the
injection current, Ipymp is the Na*/K*-ATPase current; Jiony 18
the conductance of a single voltage-gated channel, Nopen, ion, i8
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lumen; as a result, gating voltages have the opposite sign to
the usual values reported from measurements on plasma
membranes.

All vesicles are modeled as spheres. The electrophysiological
parameters and initial conditions of the HH-like vesicle model
are in Table S1 and Note Sl in the Supplemental text.
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Figure 3. Spontaneous voltage dynamics in small compartments. Voltage and ion concentration dynamics were simulated in vesicles with different sizes
and channel densities. (A) Top: Model vesicle with HH-type conductances and Na*/K*-ATPase. All concentrations in mM. Beige panels: Activation of an in-
dividual Nay does not appreciably change internal [Na*]. Pink panels: Concurrent Nay and Ky activation depletes [Na*] and [K*] concentration gradients until
the Na* and K* reversal potentials become equal. Plots are foran r = 0.02 um vesicle. (B) Range of vesicle sizes and channel densities investigated. Gray regions
correspond to size and density combinations with < 1 Ky per vesicle. (C) Left: 5-s simulation of a vesicle with r = 0.02 um and [Nay, Ky] = [800, 200] um?,
corresponding to 4 Nay’s and 1 Ky. Right: Close-up of the three spontaneous events. In the third event, Nay and Ky activation overlapped in time, leading to
partial dissipation of the ionic gradients. (D) Left: 5-s simulation of a vesicle with r = 0.4 pm and [Nay, Ky] = [800, 200] um?, corresponding to 1,600 Na,’s and
400 Ky's. Overlapping spontaneous Nay activations were sufficient to trigger well-defined spikes. Changes in internal ionic composition were small, on account
of the larger vesicle size compared with C. (E) 5-s simulation of a vesicle with r = 1 um and [Nay, Ky] = [800, 200] um2, corresponding to 10,000 Nay and
2,500 Ky's. Due to the larger vesicle size, the influence of each gating event diminished compared with the vesicle in D. Channel noise led to small fluctuations in
baseline voltage, which occasionally triggered spontaneous spikes. (F) Color map of average spontaneous spiking frequency as a function of vesicle radius and
channel density. (G) Color map of the average percent amplitude of internal [Na*] concentration changes as a function of vesicle radius and channel density.
These fluctuations were driven by overlapping Nay and Ky currents. Data in F and G are the mean of five, 5-s simulations, excluding the r = 10 um and [Nay, Ky]
= [8,000, 2,000] um? vesicle, which was simulated for 500 ms due to computational constraints. Created in BioRender. Howell, M. (2025) https://BioRender.
com/nm7zk94.
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Figure 4. Driven voltage dynamics in small compartments. Simulations
were performed as in Fig. 3, with the addition of a constant inward current
density (see Materials and methods). (A) At the smallest vesicle size, the
deterministic simulation (left) quickly entered depolarization block. In
the stochastic simulations (right), fluctuations in channel gating restored the
voltage from depolarization block, leading to sustained, but erratic, spiking.
(B) Inan r = 0.4 um vesicle with low channel density, the evoked spikes were
variable in waveform due to stochastic variations in the number and timing of
channel opening. (C) In an r = 0.4 um vesicle with higher channel density,
stochastic channel fluctuations caused spike timing to be more variable than
in deterministic simulations. (D) Color map of the similarity between sto-
chastic and deterministic responses to current injection, as measured by
cross-correlation (see Materials and methods). In the gray region, there is
<1Ky. (E) Color map of the percent amplitude of internal [Na*] concentration
changes as a function of vesicle radius and channel density. Data in D and E are
from one, 5-s simulation, excluding the r = 10 pm and [Nay, K] = [8,000,
2,000] um? vesicle, which was simulated for 500 ms.

Annotated code to simulate the dynamics in Figs. 3 and 4 is
available at: https://github.com/adamcohenlab/howell2025small-
scale-ephys/tree/main/code-HH_neuron_vesicles.

To compare dynamics between deterministic and stochastic
simulations, we used the autocorrelation of the spike train. We
chose this measure because it was not sensitive to the precise
spike timing. Our measure of similarity plotted in Fig. 4 D was:
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(l - dm) x 100%, where rmsd is the root-mean-square de-

viation between the autocorrelation traces, and rmsd,,.y is the
maximum rmsd seen across all vesicle sizes and channel
densities.

Endosome model

We study the combined effects of stochastic channel dynamics
and ion concentration changes in intracellular endosomes.
Carrithers et al. reported Nayl.5 channels in macrophage late
endosomes and suggested a role in endosome acidification, a part
of endosome maturation (Carrithers et al., 2007). We investigate
the role of Nayl.5 conductance in acidification, although a
nonconducting role for the channel has not been ruled out. The
minimal endosome model includes Nayl.5, vacuolar-type H*
ATPase (v-ATPase), and H*/Cl- exchange transporter 7 (CIC-7)
(Grabe et al., 2000; Ishida et al., 2013; Balbi et al., 2017). The
Nayl.5 channels are inserted in an inverted orientation relative
to the cell membrane; i.e., the intracellular domain (C-terminus)
is facing the outside of the endosome. For CIC-7, a 2:1 CI-/H*
coupling ratio is assumed. The formulation is

d(;’—tm= —é(lwum-uw) Mé

Ina* = 8yayrs * Nopennayis * (Vi = Enar) M7

Ia- = Neer - (2 - Tacs) M3

Iy = Neic7 * Iaic-7 = Ny-atpase * Iv-aTpase M9

Tec7 = F(Vm, [C1" ], [C1" ], [H'], [H'].) M10
Ly-atpase = G(Vm, [H'];, [H'],) Mil

In which I¢ic_; is the net current through a single CIC-7 channel,
Iy_aTpase is the single-transporter v-ATPase current; the for-
mulations for F, G (Eqs. M10 and M11) come from literature
(Grabe et al., 2000; Ishida et al., 2013); N¢hannel is the number of
channels. The electrophysiological parameters and initial con-
ditions of the endosome model are in Table S2.

Annotated code to simulate the dynamics in Fig. 5, B and C,
is available at: https://github.com/adamcohenlab/howell202
5small-scale-ephys/tree/main/code-endosome.

Markovian dynamics for voltage-gated ion channels

To facilitate the direct comparison between stochastic and de-
terministic channel dynamics, Markovian state transition
models are used for voltage-gated ion channels in all simulations.
The Markovian models for HH-type Nay and Ky, as well as the
Nayl.5 channel, come from the literature (Gillespie, 1977;
Skaugen and Wallge, 1979; Chow and White, 1996; Schmandt and
Galén, 2012; Balbi et al., 2017). The deterministic channel dy-
namics formulation is:

% = Zaiﬁk Ni—zakﬁiNk Mi2
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in which Ny is the number of channels in state k and ¢;_, | is the
transition rate from state i to state k (a;_,; = 0). Transition rates
for all voltage-gated ion channels are provided in Supplemental
text, Notes S1 and S2.

The Gillespie method is used for the stochastic simulations
(Gillespie, 1977; Chow and White, 1996). In short, we define the
sum of all the transition rates across all channels in a system as A

A= zk: (ZakﬂNk>

Then the probability that no transition occurs in the system
after time t follows an exponential distribution

P(t)

M13

= dexp[-At] M14

A random number is drawn from this distribution to deter-
mine the time elapsed before the next transition. Then, a uni-
form random number is drawn to determine which type of
transition in which type of channel occurs, with weight ak_)i%
assigned to each type of transition.

lon concentration update
The deterministic and stochastic Markovian simulations are
performed with intravesicular ion concentrations either fixed or

Howell et al.
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continuously updated. The dynamic ion simulations follow the
formalism of Hiibel and Dahlem (Hiibel and Dahlem, 2014; Hiibel
et al., 2014). The ionic currents are converted to changes in in-
ternal and external concentrations, and the reversal potentials of
each ionic species are updated accordingly. For all simulations,
the external volume is set to 10° um?; large enough that extra-
vesicular ion concentrations are approximately constant. The
ionic composition of the applied current is set proportional to the
extravesicular cation ratio. For endosome simulations, a buff-
ering capacity of 40 £ mM *is assumed in updating the intravesicular
H* concentration, followmg literature precedent (Grabe and
Oster, 2001).

Dynamic choice of simulation step size

To accommodate vesicle sizes and ion channel densities that
vary across orders of magnitude, the simulation step size, dt, is
chosen dynamically at each step, to satisfy the following criteria:
(1) dt <0.001 ms; (2) dt < 0.2 Ty, where Ty is the characteristic
membrane charging time; and (3) in a single step, the internal
concentration of each ion does not change by >2%.

In driven stochastic simulations, if dt chosen from the ex-
ponential distribution exceeds the limits set by (1), (2), or (3),
then the transition is rejected, and the system evolves by the
time step dictated by (1), (2), or (3).
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In simulations of spontaneous activity in single-channel and
HH-type vesicles, constraint (1) was relaxed. This minimized the
number of timesteps sampled during quiescent periods in vesi-
cles with few channels. Additionally, in simulations of single-
channel vesicles without [ion] update, constraint (3) did not
apply and (2) was tightened such that dt < 0.017y. This enabled
accurate calculation of time-averaged Vy,.

Vesicle sizes and channel densities

For the HH-type vesicle model, a range of physiologically rele-
vant vesicle sizes and ion channel densities were considered
(Fig. 3 B). The vesicle radii were selected to correspond ap-
proximately to a synaptic vesicle (r = 0.02 pm) (Murk et al.,
2003; Takamori et al., 2006); an endosome (r = 0.05 pm)
(Murk et al., 2003); a large endosome or vacuole (r = 0.4 pm)
(Ganley et al., 2004); a prokaryotic cell (r = 1 pm); and a eu-
karyotic cell (r = 10 um). Ion channel densities were selected as
follows: [Nay Ky] = [80 20] um~2 is the approximate density on
the squid giant axon (Chow and White, 1996; Hiibel et al., 2014),
and [Nay Ky] = [800, 200] pm~2 is the approximate density on a
synaptic vesicle if it contains exactly one copy of the Ky. On a
synaptic vesicle, the copy numbers of each type of ion channel
and transporter are often in the single-digit regime (Daniels
et al., 2006; Takamori et al., 2006; Mutch et al., 2011; Farsi
et al., 2016; Upmanyu et al., 2022). The ratio of Nay to Ky was
fixed at 4 to 1 across all channel density scales.

For the endosome model, the vesicle radius was 0.2 um. There
are large variations in literature estimates of endosomal
v-ATPase density. Patch-clamp measurements on plant vacuoles
indicated a density of 700 pm~2 (Grabe et al., 2000). Single-
molecule photobleaching measurements in HeLa cell lysosomes
reported ~1.5 v-ATPase per lysosome (Maxson et al., 2022). For
r = 0.2 pm, this corresponds to a density of ~3 pm=2. We selected
the larger density (700 pum~2) because our model based on this
density produced initial acidification rates (~0.6-0.9 ApH/min,
Fig 5 D) similar to those recorded in rat liver endosomes (~0.6-1.1
ApH/min) (Van Dyke and Belcher, 1994; Maxson et al., 2022). The
density of CIC-7 was adjusted to 300 um™2 to achieve an initial
membrane potential of +19 mV (Viymen-Veytosot) (Koivusalo et al.,
2011; Ishida et al., 2013). The density of Nay1.5 on macrophage late
endosomes is not known. We varied this density across a wide
range, from 0 to 6,400 pm™2.

Online supplemental material

Supplemental text at the end of the PDF includes a description of
the HH-type Nay, HH-type Ky, and Nayl.5 gating models (Notes
S1and S2). Fig. S1 shows the voltage dependence of steady-state
open probability, transition rate constants, and transition time
constants for the HH-type Nay model. Fig. S2 compares the
distribution of open-state dwell times from spontaneous gating
trajectories of vesicles with a single Nay to the distribution of
open-state lifetimes of vesicles with a single Nay initialized in
the open state. Fig. S3 compares the distribution of closed-state
dwell times in r = 0.1um and r = 10 um vesicles with a single
Nay. Tables S1 and S2 list parameters and initial conditions for
simulations of HH-type Nay and Ky ensembles as well as Nay1.5-
expressing endosomes.
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Results
Scaling electrophysiology to small systems

Single-channel perturbations to membrane voltage

We begin by examining the relationship between membrane
voltage and channel dynamics in small systems. Fig. 1 A depicts
the scale of several electrically excitable biological systems. For
simplicity, we consider a spherical membrane-bound compart-
ment (a “vesicle”) containing a single ion channel of type a, with
open-state conductance g, (pS) and reversal potential E, (mV).
Assume the membrane has a specific leak conductance G, (pS/
um?2) and a resting potential E; ., (mV). Typically Go ~1 pS/pm?
for neuronal membranes (Hiibel and Dahlem, 2014). What is
the effect of the single channel opening on the membrane
potential, V;,,?

If we approximate all the conductances as Ohmic, then a
simple circuit analysis shows that (for static ion concentrations,
i.e., fixed ion reversal potentials) the change in steady-state
membrane potential upon channel a opening is

ga(Ea - Eo)

AV = 0t AGy [1]
where A is the surface area of the vesicle. For example, when
ga =AGy, the voltage swing is half its maximum value:
AV = (E, - Eo)/2. Not surprisingly, the single-channel gating
has a substantial effect on the steady-state membrane potential
when the unit conductance surpasses the resting leak conduc-
tance. Fig. 2 A illustrates this scenario for a canonical HH Nay,.

The leak conductance of a vesicle is proportional to its surface
area (assuming a high density of leak channels), while the single-
channel conductance is independent of the vesicle surface area.
Hence, the crossover between charging regimes (i.e., when
ga = AGy) corresponds to a characteristic vesicle radius, r.. For
example, for Gy =1 pS/pm? and a Nay (g, = 14pS) (Bezanilla,
1987), the crossover radius is r. = 1.1 um. For a BK calcium-
activated potassium channel (g, ~200pS) (Marty, 1981), r. =
4 pm, while for a homomeric 5-HT3, receptor (g, = 1 pS) (Hales
et al., 2006), r. = 280 nm.

Upon opening of a single ion channel (Fig. 2 A), the RC time
constant for the voltage to approach its new steady state is

_ga+AGO

Tv 2]
where Cy = Acp is the membrane capacitance (specific capaci-
tance co ~10 fF/pm?), and the denominator is the total membrane
conductance. At the crossover radius r. defined above,
TV = Tmem/2, Where Them = €o/Go is the intrinsic membrane time
constant. For example, for Go = 1 pS/pm?, Tmem =10 ms and when
r =1, Ty = 5 ms. If the single-channel gating events have dura-
tion Tepen > Ty, then AV, approaches AV, during a single gating
event (Fig. 2 A, blue trace). If Topen < Ty, then the amplitude of
the voltage fluctuations is suppressed to AVy = AVgTopen/Tv
(Fig. 2 A, yellow trace).

For big vesicles (r > r.), single-channel gating changes
steady-state voltage by AV = %, with time constant
Ty = Tmem. Since g, < A Gy for big vesicles, AV is a small per-
turbation to the resting potential (Fig. 2 A, orange trace). This
corresponds to the situation previously analyzed in models of
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channel stochasticity in neural firing (White et al., 1998; White
et al., 2000; Mino et al., 2002; Schmid et al., 2003; Goldwyn and
Shea-Brown, 2011).

For small vesicles (r < r.), single-channel gating brings
the voltage close to the reversal potential of channel a,
i.e., AVys = (E,-Eo). In this case, the time constant is
Ty = Ag% < Tmem. For example, upon activation of a single 14 pS
channel in a vesicle of r = 0.1 pm, the voltage responds with a
time constant Ty = 107* s (Fig. 2 A, blue trace). When the channel
closes, the voltage relaxes back toward the resting potential with
a time constant Tpem.

Thus, for sufficiently small structures, the single-channel
influence on the membrane voltage can be substantial, and the
membrane voltage equilibrates faster than the characteristic
channel gating times (Fig. 2 B). Single ion channels then “see”
their own influence on V,, during a stochastic gating event. This
self-action changes the statistics of channel fluctuations.

For example, consider a vesicle containing a single Nay (Nay
model in Fig. S1) and a constitutively open “leak” conductance.
Here, we assume internal ion concentrations are fixed (an as-
sumption relaxed later), and we initialize the channel in the
open state at Vi, = Epe.i. In a large vesicle, Nay opening (gating
variables m?: 0 — 1; h: 1) is quickly reversed through deactivation
(m* 1 — 0). In a small vesicle, Nay opening depolarizes the
vesicle to a voltage which favors the open state. The channel then
remains open until open-state inactivation sets in (h: 1 — 0).
Closing of the channel leads to an increase in the membrane
time-constant from Ty to Tmem, S0 the voltage recovery is slower
than the voltage upstroke. Fig. 2 C shows how voltage self-action
prolongs mean Nay open-state lifetimes in small vesicles relative
to large vesicles, and Fig. S2 shows the underlying distributions
of Nay open times in small and large vesicles.

In a large vesicle, channel closing after an open-state fluc-
tuation typically resets the gating variables to m®>= 0, h = 1.
The channel is immediately available to open again. Since single-
channel gating has minimal effect on V,, (Fig. 2 B, bottom), the
channel has a constant probability of opening per unit time.
Thus, the closed-state waiting-time distribution is exponentially
distributed at short times. Occasionally, open-state fluctuations
terminate in an inactivated state (h = 0). These rare events lead
to a long exponential tail to the waiting time distribution
(Fig. 2 D).

In a small vesicle, an open-state fluctuation induces a large
depolarization, which continues to act after the channel has
inactivated (h = 0). The voltage then relaxes back toward Ef g
with time constant Tyem (Fig. 2 B, top). The time-dependent
voltage interacts with the voltage-dependent gating parame-
ters to produce a complex waiting-time distribution (Fig. 2 D). As
a result of the residual depolarization following an open event,
the time-average membrane voltage is more depolarized in small
vesicles than in large vesicles (Fig. 2 E).

If the resting potential, Ep.,, is hyperpolarized relative to
Ewindow> the window current regime is wide enough, and the
repolarization is slow enough, then the channel may have a high
probability to reopen when the voltage nears Eyingow (Fig. 2 F,
green trace). In trajectories simulated with a Nay model modi-
fied to have a large window current, we observed voltage
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oscillations between Eyingow and Ena. Occasionally the voltage
repolarized below Eyingo Without the channel opening, leading
to a quiescent epoch with voltage close to Ej.y (Fig. 2 G, green
trace). A spontaneous opening event would then restart the os-
cillatory dynamics. The membrane voltage thus “chattered” be-
tween epochs at Er., and oscillations between Eyipgow and Ena
(Fig. 2, F and G, green trace). This behavior was absent in large
vesicles containing the same Nay model. In a Nay model modified
to have negligible window current (Fig. 2 F, purple trace), the
voltage repolarized completely to Ej ., (Fig. 2 G, purple trace).
Fig. S3 shows the distributions of Nay closed times for these
different scenarios. Through large Vy, fluctuations and slow
membrane voltage repolarization, small vesicles endow chan-
nels with a memory of prior gating events, which can lead to a
rich repertoire of vesicle size-dependent dynamics.

Single-channel perturbations to concentration

Stochastic channel gating can also affect the ionic contents of the
vesicle. To change the membrane voltage by an amount AV re-
quires a flux of charge AQ = CAV. The ions carrying this charge
flow into an internal volume M. Thus, the change in concen-
tration, AT = CAV/(z F M), where z is the valence of the charge
carrier and F is the Faraday constant. For a spherical vesicle of
radius r, we have Cocr? while Mor?, so AT'x1/r, i.e., for a given
voltage swing, changes in internal concentration are bigger for
smaller vesicles. Numerically, the change in concentration is
AT = 3.1 x 1074 AV/zr, where V is measured in mV, r in microns,
and I'in mM. For anr = 0.1 um vesicle with a voltage swing AV =
100 mV, the change in concentration due to charging is
~0.3 mM/z, likely important only for Ca>*.

This estimate misses an important factor, however. Simul-
taneous opening of channels with different reversal potentials
leads to steady-state ionic flows. Net current can be approxi-
mately zero (so dV/dt = 0), while distinct ionic species maintain
equal and opposite flows, e.g., via balanced Na* influx and K*
efflux, leading to substantial changes in concentration.

For example, the increases in lumenal Na*, A[Na*];, caused by
single-channel gating events in Fig. 2 A have contributions
from both gating charge and steady-state leak current. In these
cases, the fractional changes were small: 3% (r = 0.1um), 0.1%
(r=1um),and 2 x 1074% (r = 10 um) of baseline [Na*];. Here, the
changes in [Na*]; were small because the leak conductance was
small and the Nay open times were short. However, over longer
times or when more than one conductance is substantial, the
fractional changes in internal concentrations can be large.

In Appendix 1, we analyze this scenario for a persistent Na*
current combined with a leak conductance. We assume that
voltage equilibrates fast compared with [Na*];,. This assumption
then leads to a rate of change of [Na*];, proportional to the dif-
ference in reversal potential between Na* and the leak

d[Na+]in _ JNaJLeak 1
dt (gNa + gLeak) izp Ena(t) = Erea(t)) (3]

where Ey, (t) and Ep .. (t) are instantaneous values of the Na* and
leak reversal potentials, respectively. The steady-state [Na*];,
is reached when En,(t) = Eea(t). Imposing electroneutrality,

ie., d[Nd%]'m = —%, where [X];, is the concentration of the
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counterion carried by the leak conductance (e.g., Cl- or K*), the
steady-state value of [Na*],, is

. . [Na"].y [X];n(0) - [X]eye [Na'];, (0)

N i o0) = N . o exi in ex n 4
N ) - '] (0) o X Bl O ]
where [X];,,(0) and [Na*];, (0) are initial internal concentrations
of ions. The external concentrations of ions, [Na*].,, and [X].y
are assumed to be fixed. From Eq. 3, we derive the characteristic
timescale of changes in [Na*];,

Tegne = MzF (gva + GLeak) <[Na+]in(°°) - [Na+]in(0)) 5]
gNaJLeak ENa(O) - ELeak(O)
where Ey,(0) and Ep.,(0) are the initial values of the Na* and
leak reversal potentials, respectively.

Let us consider the case where a single Nay (gN-(lv =14 pS, Ena
= 40 mV) and a single Ky (e.g., a delayed rectifier K* channel,
gk, = 20pS, Ex = -90 mV) are open simultaneously. Then the
initial steady-state voltage is -36 mV, the initial steady-state Na*
current is Iy, = -1.1 pA, and the initial steady-state K* current is
Ix = +1.1 pA. In a 1 pm diameter vesicle, these currents corre-
spond to d[Nd;;]‘“ =21mM/s. Ina 0.1 pm diameter vesicle, d[N;;]‘“ is
1,000-fold higher, i.e., 21 mM/ms. Thus, a millisecond-duration
flicker comprising counter-propagating ionic currents can sub-
stantially change the ionic content of a small compartment. Fig. 3
A shows an example of [Na*],, dynamics resulting from a

ext ext

charging current (INa = - CMfi—‘t’) and a persistent current
(INa = - CM%’ - IK) during Nay and Ky gating in a small vesicle.

Electrophysiology in HH-type model vesicles

Next, we explore how ion channel stochasticity, self-action on
membrane voltage, and ion concentration dynamics interact to
influence electrophysiology in small compartments. We mod-
eled small spherical vesicles with variable densities of HH-type
Nay and Ky’s (Fig. 3 A, Materials and methods). For biologically
plausible vesicle sizes and channel densities, channel numbers
vary by ~7 orders of magnitude (Fig. 3 B). To restore ionic gra-
dients, we added a Na*/K*-ATPase with a biophysically realistic
Na*and K* concentration-dependent pumping rate (Barreto and
Cressman, 2011; Hiibel et al., 2014). We added Na*, K*, and Cl-
leak conductances to set a resting potential of -68 mV. The Na*/
K*-ATPase and the leaks were proportional to the membrane
area and deterministic. We simulated voltage and concentration
dynamics, comparing deterministic and probabilistic Markov
models of Nay and Ky gating (see Materials and methods). In all
simulations, we treated internal ion concentrations as dynamic
and external ion concentrations as approximately constant.

Spontaneous activity

We simulated trajectories of spontaneous Nay and Ky gating. As
expected, the deterministic simulations produced no spontane-
ous activity, since both Nay and Ky channels remained closed at
the resting membrane potential, -68 mV. In stochastic simu-
lations, however, Nay and Ky channels occasionally fluctuated to
the open state. The consequences of these fluctuations depended
on vesicle size and channel density.

Howell et al.

Nanoscale electrophysiology

JGP

In small vesicles (r<100nm), a single Nay opening could
depolarize the vesicle enough to activate other Nay’s, leading to a
spike (Fig. 3 C). The spike waveforms were highly variable, due
to the strong contributions of discrete channel gating events.
During some spikes, the Nay and Ky currents overlapped, driv-
ing rapid ion gradient depletion (Fig. 3 C, inset, right panel). The
amount of ion gradient depletion depended on the overlap of the
Nay and Ky open times. Smaller vesicles supported longer Nay
openings due to voltage self-action (Fig 2 C), and higher channel
densities created more opportunity for Nay and Ky overlap. This
gradient depletion caused a long-lasting decrease in vesicle
excitability, restored eventually by the activity of the Na*/K*-
ATPase (we assume a constant supply of ATP). This depletion-
mediated refractory period is distinct from a typical refractory
period associated with ion channel recovery kinetics. Gradient
depletion diminished spontaneous spike frequency at high
channel densities (Fig 3, F and G, right column).

In larger vesicles (100 nm < r <1pm), single-channel events
typically induced subthreshold depolarization (Nay) and hy-
perpolarization (Ky). As channel density increased, these inde-
pendent single-channel events began to overlap in time, leading
to voltage dynamics that resembled an Ornstein-Uhlenbeck
process, i.e., diffusion in a parabolic potential. In other words,
stochastic channel events drive voltage fluctuations, while pas-
sive membrane leak restores the membrane potential toward its
resting value. This scenario has previously been studied ana-
lytically (Chow and White, 1996) and numerically (Skaugen and
Wallge, 1979). When the biased random walk of voltage ap-
proached the Nay activation potential, it triggered spikes which
resembled classical action potentials (Fig 3, D and E). The fre-
quency of these events has been modeled as a Kramers escape
process (Chow and White, 1996).

At constant channel density, the spontaneous firing rate
showed a non-monotonic dependence on vesicle size (Fig 3 F).
For small vesicles, an increase in size led to an increase in the
number of channels. Since a single stochastic channel gating
event was sufficient to trigger a spike, more channels led to
a higher spontaneous spike rate. For large vesicles, the influence
of single-channel gating events on membrane voltage de-
creased, so spontaneous spikes became less frequent. This non-
monotonic trend is similar to results of numerical simulations by
Skaugen and Wallge (Skaugen and Wallge, 1979). The largest
vesicles (r > 1 um) were quiescent at all but the highest channel
densities.

Evoked activity

We next simulated voltage trajectories in response to constant
current injection. To mimic the effect of an electrogenic pump
(optogenetic or chemically driven), we made the current pro-
portional to membrane area (I = 2.4 x 10°fA/um?). We gener-
ated voltage trajectories using both stochastic and deterministic
(i.e., HH-like) simulations of channel gating with dynamic in-
ternal ion concentrations.

When the number of channels was small, discrete gating
events led to substantial deviations between the deterministic
and stochastic simulations. Stochastic gating events could lead to
spontaneous recovery from depolarization block (Fig. 4 A), and
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converted regular spike trains into irregular trains (Fig. 4 B). As
channel number increased, stochastic trajectories came to re-
semble deterministic trajectories of the same vesicle (Fig. 4 C).
We quantified the similarity between voltage traces for deter-
ministic vs. stochastic simulations via rmsd between the auto-
correlation functions of the two voltage trajectories (see
Materials and methods). Fig. 4 D shows the similarity between
deterministic and stochastic simulations as a function of vesicle
size and channel density.

We quantified the extent of internal ion concentration
changes in the stochastic simulations. The ion gradients were
more prone to depletion when the vesicle was smaller and the
channel density was higher, as in the simulations in the absence
of current injection (Figs 3 G and 4 E).

Nay1.5 channels and endosome acidification

Finally, we modeled the effects of small-scale electrophysiology
on macrophage endosome acidification. This acidification is es-
sential for the killing of pathogens engulfed by phagocytosis.
Macrophage endosomes express Nayl.5, with C-terminus out-
side the lumen (inverted relative to Nayl.5 on the cell mem-
brane). The channel density in endosomes is not known
(Carrithers et al., 2007), so we simulated vesicles with Nayl.5
densities (py,,) between 0 and 6,400 um~2. We assumed radius
r = 0.2 pm (Ganley et al,, 2004) (Fig. 5 A), initial membrane
potential +19 mV (inside relative to outside), initial pH 6.2, and
initial internal Na* concentration 100 mM (Koivusalo et al., 2011;
Scott and Gruenberg, 2011). A v-ATPase imports H*, acidifying
the endosome during maturation (Grabe et al.,, 2000; Ishida
et al., 2013), and CIC-7 contributes a small outward H* current
(Ishida et al., 2013). The electrophysiological parameters and
initial conditions are in Table S2. The Nay1.5 model is described
in Supplemental text, Note S2. The endosomal Nayl.5 model
accounts for isoform-specific features, including greater steady-
state inactivation at moderate to high voltages compared with
the canonical HH Nay model.

In deterministic simulations of endosomes with
PNa, = 6,400 um™2, the mean number of open Nayl.5 channels
was always < 1. We rounded the Nay conductance to the nearest
integer (in units of the open-state conductance), which
rounded to zero. Hence, the Nay’s did not contribute to the
deterministic simulations (Fig. 5 B).

In stochastic simulations at PNa, = 6,400 pum=2, the Nayl.5
channels were mostly in the inactive state due to the “felt”
voltage of -19 mV (outside relative to inside). Occasionally, a
single Nayl.5 channel fluctuated to the open state. In the
r = 0.2 um vesicle, this induced a decrease in membrane voltage
(inside relative to outside) of ~21 + 16 mV (mean + SD) since
[Na*] was higher inside the endosome than in the cytoplasm.
The voltage dips recovered with a time constant of ~16 + 2.4 ms
(mean # SD). The voltage decrease enhanced v-ATPase activity
and suppressed the outward H* current due to CIC-7 activity,
speeding up acidification (Fig. 5 B). The effect of Nayl.5 activity
on the acidification dynamics became more pronounced as
Nayl.5 channel density increased, since the fraction of time
when there was one Nay1.5 channel open was proportional to the
number of Nayl.5 channels present (Fig. 5 C).
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Fig. 5 D shows endosomal pH change as a function of the
density of Nayl.5 channels. In the deterministic simulations, the
acidification rate was unaffected by the presence of Nayl.5, since
the average number of open channels was approximately zero.
In the stochastic simulations, however, the acidification rate
increased as Nayl.5 channel density increased, due to the
Nay-induced membrane potential fluctuations. Thus, stochas-
tic channel fluctuations are likely relevant to this important
physiological process.

Discussion

This work identifies a qualitative regime change in electro-
physiology as membrane-enclosed compartments shrink to
submicron dimensions. In this regime, (1) single-channel
openings can drive large, rapid excursions in membrane po-
tential, (2) the resulting voltage changes feed back onto channel
kinetics during the same opening event, and (3) ionic currents—
especially counter-propagating currents through different
channel types—can measurably reshape intralumenal ion con-
centrations during single gating events. By combining Markov-
state channel gating with self-consistent voltage dynamics and
ion-concentration updates, we provide a unified framework that
connects classical conductance-based descriptions to the single-
molecule limit.

A central implication of our work is that small compartments
need not behave like miniature versions of excitable cells. In the
classical setting (large membrane area and many channels),
channel noise is well captured as an approximately Gaussian
perturbation around a mean conductance, enabling diffusion/
Langevin and Kramers-type descriptions of rare excursions and
spontaneous spikes (Skaugen and Wallge, 1979; Chow and
White, 1996; White et al., 1998; White et al., 2000; Mino et al.,
2002; Schmid et al., 2003; Faisal et al., 2005; Goldwyn and Shea-
Brown, 2011; Schmandt and Galan, 2012). In contrast, when
channel copy numbers are in the single-digit to tens, and leak
conductance and capacitance are correspondingly small, voltage
trajectories are inherently jump-like: individual gating events
can move Vy, a substantial fraction of the way toward a reversal
potential, and the ensuing self-action can prolong or curtail
dwell times depending on the voltage-dependence of the tran-
sition rates. Though the joint dynamics of channel-state and
membrane voltage remain Markovian (i.e., memoryless), the
slow voltage variable gives the channel dynamics an apparent
memory, i.e., gating probabilities depend on the specific trajec-
tory of past stochastic gating events. These memory effects can
generate dynamics—such as intermittency or “chattering” in
channels with appreciable window currents—that have no di-
rect analog in larger systems.

A second implication concerns ionic homeostasis. In large
cells, voltage dynamics are often computed with fixed reversal
potentials (except for Ca?*), and concentration dynamics enter
only as slow modulators (DiFrancesco and Noble, 1997; Hiibel
and Dahlem, 2014). In small volumes, this separation can
break down. Our simulations highlight a particularly important
case: coincident opening of conductances with different reversal
potentials can drive large counter-propagating ionic fluxes
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while producing little net capacitive current. This flux can rap-
idly dissipate Na*/K* gradients, producing a depletion-mediated
refractory period that is mechanistically distinct from classic
refractoriness set by channel inactivation and recovery.

This predicted mechanism suggests a plausible interpretation
for recent organelle measurements. For example, in endosomes,
heterogeneity in lumenal Na* and maturation-dependent shifts
in lumenal Na* together suggest that intralumenal Na* may be a
more dynamic quantity than in large cells (Zou et al., 2024).
Similarly, K* channel activity in trafficking organelles measur-
ably changes lumenal K*, also suggesting a dynamic role for
lumenal K* (Anees et al., 2024). Our results motivate the hy-
pothesis that some of the observed heterogeneity could arise
from rare overlaps of channel openings that transiently reshape
ionic gradients. Simultaneous imaging of organellar ion content
(Saha et al., 2015; Anees et al., 2024; Zou et al., 2024) and
membrane voltage (e.g., via fluorescence lifetime imaging of a
voltage-sensitive dye), together with channel pharmacology,
would be a promising approach toward characterizing the in-
terplay of channel gating, ionic concentrations, and voltage.
Experiments in synthetic vesicles of known composition could
test the biophysical ideas without the uncertainty in channel
content that arises in native vesicles.

Although not explicitly considered here, discrete fluctuations
in free lumenal ions create an additional source of stochastic
noise in ion homeostasis. Such considerations become important
for species which are highly buffered, e.g., cytosolic [H*] ~60
nM and cytosolic [Ca?*] ~100 nM, and in the smallest com-
partments, such as a synaptic vesicle (r = 0.02 um), where the
difference of a single ion corresponds to a ~50 uM difference in
lumenal concentration. The degree to which such fluctuations
impact compartment ionic set-points depends heavily on local
buffer parameters (Singh et al., 2019).

Our endosome simulations provide a complementary exam-
ple of how discrete gating can matter even when the mean open
probability is extremely small. For Nayl.5 in macrophage late
endosomes (Carrithers et al., 2007), the deterministic (mean-
field) description can effectively “round away” the channel
contribution when the expected number of open channels is < 1.
The stochastic model, however, predicts that rare single-channel
openings can generate transient voltage excursions that sys-
tematically bias electrogenic transport (v-ATPase, CIC-7), ac-
celerating acidification. This points to a broader principle: in
nanoscale compartments, physiological impact may be con-
trolled by event statistics (amplitude, dwell-time distributions,
and coincidence rates) rather than by ensemble- or time-
averaged conductances.

These considerations suggest several experimentally testable
predictions and design principles for organelle and microbial
electrophysiology. First, voltage and ion measurements at single-
organelle resolution (Saminathan et al., 2021; Anees et al., 2024;
Zou et al., 2024) should exhibit non-Gaussian signatures—e.g.,
heavy-tailed distributions of voltage deflections and state-
dependent dwell times—that become more distinct as com-
partments become smaller or channel copy number decreases.
Second, simultaneous measurements of V,, and lumenal coun-
terions (e.g., [Na*] or pH in endosomes) should reveal transient
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covariance consistent with counter-propagating flux episodes:
large voltage events with disproportionately large concentration
changes when multiple channel types overlap. Third, perturba-
tions that change organelle size, channel abundance, or kinetics
(e.g., channel blockers or mutants that modify window current)
should shift systems between qualitatively distinct dynamical
regimes in predictable ways, offering a path to infer otherwise
inaccessible parameters such as channel copy number per
organelle.

Several extensions could broaden the model’s applicability.
Many small compartments are not closed: dendritic spines, no-
des of Ranvier, and subcellular invaginations exchange ions with
a larger reservoir through narrow necks or diffusion-limited
pathways (Salzer, 1997; Sabatini and Svoboda, 2000; Harnett
et al., 2012). Incorporating diffusive coupling to the cytosol or
extracellular space would allow the same framework to address
when local ionic depletion is buffered by exchange versus when
it becomes functionally consequential. Similarly, allowing ex-
ternal concentrations to vary—important in crowded extracel-
lular spaces where external volume fractions are small—would
connect to activity-driven extracellular K* accumulation and
spreading depolarization phenomena (Somjen, 2001; Dreier,
2011). Finally, while we treated pumps and transporters deter-
ministically, growing evidence indicates that ultraslow mode
switching and static disorder can be intrinsic to transport pro-
teins (Ciftci et al., 2020; Kosmidis et al., 2022; Mgller et al., 2026,
Preprint). A fully stochastic treatment of pumps and exchangers,
coupled to voltage and concentration dynamics, may be essential
for quantitatively predicting organelle-to-organelle heteroge-
neity and intermittency.

More broadly, this work emphasizes that “channel noise” in
small compartments can be a primary driver of state transitions
and homeostatic set points. As optical electrophysiology and
organelle-resolved ion sensing mature (Modi et al., 2009; Saha
etal., 2015; Narayanaswamy et al., 2019; Saminathan et al., 2021;
Anees et al., 2024; Zou et al., 2024), theories that retain
discreteness—single-molecule gating, finite copy numbers, and
concentration-driven feedback—will be increasingly necessary
for interpretation and for mechanistic inference from data.

Appendix: Effect of single-channel gating on
ion concentrations
For concreteness we consider a persistent Na* current, though
the discussion applies to any persistent current. The membrane
voltage, Vi, evolves according to:

av, 1. .

d—tm = - G (lNa (t) + 1 eak (t)) Al
where iy, (t) is the inward Na* current, i (t) is the outward
leak current, and Cy is the membrane capacitance. The rate of
change of concentration of Na* inside the vesicle is

d[Na+]in = _iNa(t) A2

dt MzF

where, M is the vesicle volume, z is the valence (1 for Na*) and F
is the Faraday constant. The Na* current is
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ina() = gva (Vin(t) -~ Ena(t)) A3

For clarity, we make the time-dependencies explicit and de-

fine g as the channel’s open-state conductance and E, (t) as the

channel’s reversal potential; x = Na* or leak ion. We assume that

the voltage is in a local equilibrium (i.e., voltage changes are fast

compared to the concentrations). Solving Eq. Al for the steady-
state voltage, Vis(t):

) - gNaENa (t) + gLeakELeak(t)
gNa + gLeak
Setting Vy, (t) = Vis(t) in Eq. A3 and combining Egs. A2 and A3
gives

Vis(t A4

b (pe) o nm
Finally, the Na* reversal potential changes with time as the

internal concentration changes

RT Na*

L 8
Combining Eqs. A5 and A6 gives an expression for the dy-

namics of [Na*];,:

d[Na'];, ( GNaJLeak ) 1 (RT1

dt ONa * JLeak MzF

ENa

[Na'+ ] out
WaF Ereac(t) | A7

o Na'], (1)

In the case where gpe,*r* and Mor® (i.e., a constant leak con-
ductance per unit membrane area in a spherical vesicle), then
%M -1 for small vesicles (gna > AGo) and %x -4 for
large vesicles (g%, < A Go).

Eq. A7is nonlinear in [Na*];, and does not have a closed-form
analytical solution. Numerical integration yields the time-
dependent trajectory of [Na*],,. An approximate timescale
can be estimated by extrapolating the initial rate of change to
the entire transition from [Na*];,(0) to [Na*];,(e), i.e.,

d[Na*],,

T = (N ) - [N 0) /2

A8

t=0

where

d[Na+]‘ ( gNaJLeak ) 1
il — (Ena(0) - Erea(0)) A9
o \gws + grear i (Ewa(©) = Eveac(0))

Combining Eqs. A8 and A9 yields Eq. 5 in the main text.

Data availability

Annotated MATLAB code for stochastic simulations of single-
channel vesicles, HH-model vesicles, and macrophage endosomes
is provided in a publicly accessible GitHub repository: https://
github.com/adamcohenlab/howell2025small-scale-ephys. Simu-
lated data and analysis codes are available upon request.
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Figure S1. Nay model. (A) Steady-state activation (pink) and inactivation (cyan). (B) Voltage-dependent kinetic parameters of the activation (m) gate. Ac-
tivation rate, &, (solid); deactivation rate, 8., (dash); time constant 1., (dash dot). Vertical lines indicate parameter values at the leak reversal (E ¢k, solid black
line) used in Fig. 2, B-E, and the Na* reversal potential (Eya,, dashed black line). (C) Same as B, for the inactivation (h) gate.
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Figure S2. Time-dependent open-state lifetime in single-channel Nay vesicles. Open-state dwell time histograms for spontaneous gating trajectories of
single Nay's in vesicles of radius r = 0.1um (blue) and r = 10 um (orange); simulations 5,000 s. Leak reversal potential, Ej e = - 25 mV. Shown for comparison
are the open-state lifetimes of Nay in single-channel r = 0.1 um vesicles were the Nay is initialized in the open state at Vi, = E; ¢ (yellow); 2 x 10° independent
trials. Dashed vertical lines indicate the distribution means; r = 0.1pum stochastic trajectory (Topen) = 0.36 £ 0.33ms (blue); r = 10 um stochastic trajectory
(Topen) = 0.13 £ 0.13ms (orange); and r = 0.1pm open — closed lifetime (Topen) = 0.28 £ 0.31ms (yellow); (mean = SD).
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Figure S3. Nanoscale vesicles support distinct patterns of channel gating. Closed state dwell-time histograms of spontaneous channel gating in single
Nay vesicles of radii (left) r = 0.1um and (right) r = 10 um. HH-type Nay gating parameters were adjusted to generate a model with substantial window current
(denoted by Nay, orange) and a model with negligible window (Nay;, blue). Nay, simulations: 5,000 s; Nay results are aggregated from five independent trials of
5,000-s simulations. Ejesx = - 60 mV. Modified gating model parameters are described in Supplemental text Note S1.

Provided online are Table S1 and Table S2. Table S1 shows electrophysiological parameters and initial conditions of the HH
neuron-type vesicle model. Table S2 shows electrophysiological parameters and initial conditions of the endosome model.

Note S1
Markov model of Nay and Ky gating. Diagram adapted from Destexhe and Huguenard (2009). 1, inactivated; C, closed; O, open.
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Transition rate functions for default Nay model, adapted from Hiibel et al. (2014), where all times are measured in milliseconds
and all voltages in millivolts:

0.1(V+30+5y)

" 1- exp( - %)
B = 4exp(—(V%ZI:Sm)>
oy = O.O7exp(—(v%1:5h))
1
o 0.01(V + 34)

w:29)

= 0.125 -
5= casep(

Default Nay contains moderate window currents: S, =S, = 0; A, = A = 1.
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Nay with large window currents (Nay,): Sy, = 10; Sy, = -10; Ay, = 0.55; Ay, = 0.55.
Nay with small window currents (Nay ): Sy, = -10; S, = 19; A, = 0.95; A, = 1.

Note S2

JGP

Nayl.5 state diagram and transition rate functions from Balbi et al. (2017). The unified model developed by Balbi et al. accounts for
Nayl.1-1.9 dynamics using fewer channel states than the Markov model of HH-type Nay (see Note S1) and isoform-specific

gating rates.
Scheme 3.
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I, inactivated; C, closed; O, open. All times are measured in milliseconds and all voltages in millivolts:
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