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Abstract

Endolysosomal ion channels are a group of ion channel proteins that are func-
tionally expressed on the membrane of endolysosomal vesicles. The electrophys-
iological properties of these ion channels in the intracellular organelle membrane
cannot be observed using conventional electrophysiological techniques. This
section compiles the different electrophysiological techniques utilized in recent
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years to study endolysosomal ion channels and describes their methodological
characteristics, emphasizing the most widely used technique for whole
endolysosome recordings to date. This includes the use of different pharmaco-
logical tools and genetic tools for the application of patch-clamping techniques
for specific stages of endolysosomes, allowing the recording of ion channel
activity in different organelles, such as recycling endosomes, early endosomes,
late endosomes, and lysosomes. These electrophysiological techniques are not
only cutting-edge technologies that help to investigate the biophysical properties
of known and unknown intracellular ion channels but also help us to investigate
the physiopathological role of these ion channels in the distribution of dynamic
vesicles and to identify new therapeutic targets for precision medicine and drug
screening.

Keywords

Patch-clamp · Electrophysiology · Endosome · Lysosome · Ion channel

1 Introduction

1.1 Endolysosome System

In the 1950s, scientists firstly observed subcellular compartments, called organelles,
which contain hydrolytic enzymes for digestion. Since then, several scientists were
awarded the Nobel Prize in Physiology or Medicine for their work on intracellular
compartments and endolysosome-related research. Christian de Duve (awarded in
1974) discovered and described the cellular compartment as a sac-like structure
surrounded by a lipid membrane containing acid phosphatase. de Duve named them
“lysosome” by combining the lyso, which is derived from λύσις (lysis, Greek for
breakdown) and –some, derived from σῶμα (soma, Greek for body) (de Duve et al.
1955). In the 1980s, Randy Schekman (awarded in 2013) and other scientists
identified sec genes, encode secretory proteins that mediate intracellular organelle
transport in the cell (Novick et al. 1979; Kaiser et al. 1990). In the 1990s, James
Rothman (awarded in 2013) discovered SNARE complex that allows intracellular
vesicles to dock and fuse with their target membrane controlling the fusion process
(Söllner et al. 1993). Thomas Südhof (awarded in 2013) and other scientists
identified calcium ions and calcium-sensitive proteins, synaptotagmins, contributing
to the binding process of vesicles to the plasma membrane of nerve cells for
neurotransmitter release in synaptic transmission (Hata et al. 1993). Christian de
Duve, the scientist behind the discovery of the lysosome, discovered an intracellular
vesicle trafficking pathway by which cellular cargo is transported to the lysosome for
degradation. de Duve named this process “autophagy” meaning “self-degradation,”
derived from αυτo (auto; Greek for self) and φᾰγεῖν (phageîn, Greek for eating). In
early 1990s, Yoshinori Ohsumi (awarded in 2016) used yeast to identify genes
essential for autophagy (Takeshige et al. 1992). Today, we know that
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endolysosomes contain more than 60 different types of hydrolytic enzymes and
more than 50 membrane proteins (Xu and Ren 2015). Endolysosomes mediate the
degradation of substances from extracellular environment via endocytosis and
intracellular components via autophagy. Besides degradation, these vesicles are
also essential for intracellular cargo and membrane trafficking, exporting, ionic
homeostasis, and nutrient sensing (Huotari and Helenius 2011; Luzio et al. 2007;
Ruivo et al. 2009; Saftig and Klumperman 2009).

The endolysosomal system consists of multifunctional membrane organelles that
are specialized for essential functions for the cell, including recycling endosome
(RE), early endosome (EE), late endosome (LE), lysosome (LY), and hybrid
organelles sharing properties of endolysosomes and other compartments, such as
phagophore and phagosome (Repnik et al. 2013; Klionsky et al. 2014). EE, also
known as the sorting endosome (SE), is one of the initial destinations for material
internalized from the plasma membrane (PM) (Naslavsky and Caplan 2018). EE is a
crucial compartment for the sorting of cargoes to various endocytic pathways, e.g.,
LE/LY maturation pathway for degradation, fast-recycling pathway back to the PM,
and a slow-recycling pathway involving passage through the recycling compartment
or peripheral RE (Klumperman and Raposo 2014). Multivesicular bodies (MVBs)
are formed from endosomes, are spherical compartments surrounded by a limiting
membrane which can be filled with intraluminal vesicles (ILVs) (Piper and Luzio
2008).

Endolysosomes can be classified by their specific membrane protein markers,
such as Ras-related proteins (Rab; ras related in brain). For example, Rab11 is one of
the most common membrane proteins of slow RE. Rab4 is a marker for fast
RE. EEA1 (Early Endosome Antigen 1) and Rab5 proteins usually localize to
EEs. Rab7 and Rab9 proteins are mainly localized on LE/LY. These small GTPases
also play key roles in the formation, functioning, trafficking, and fusion of
endolysosomes (Sönnichsen et al. 2000). Rab4 is suggested to control the fast-
recycling pathway of the transferrin receptor (TfR) and the G protein-coupled
receptor (GPCR) signaling pathway regulating cell surface expression of the
β2 adrenergic receptor (β2-AR) (Yudowski et al. 2009). Rab11 is commonly
enriched in peripheral RE and regulates the slow-recycling pathway. Other Rab
proteins also localize to REs, e.g., Rab8, Rab10, Rab12, Rab14, Rab17, Rab22
(Klumperman and Raposo 2014). Rab5 is involved in biogenesis and fusion of EEs.
Rab7 is involved in EE-LE and LY transport and biogenesis (Wandinger-Ness and
Zerial 2014). These Rabs share various common effectors and partially mark
overlapping membrane compartments. They are also expressed at different levels
in different types of cells to regulate distinct recycling pathways (Stenmark 2009).
Likewise, different membrane lipid compositions have also been assessed to classify
endolysosomes, e.g. phosphoinositides, such as phosphatidylinositol
3,5-bisphosphate [PI(3,5)P2], which is thought to be mostly localized to LE/LY,
and phosphatidylinositol 3-phosphate (PI3P) and phosphatidylinositol
4,5-bisphosphate [PI(4,5)P2] that are mainly observed on EE and the PM (Li et al.
2013). In the endolysosomal maturation pathway, the luminal pH decreases
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gradually from neutral to acidic. Acidification of the vesicular lumen (pH ~4.6)
supports degradation of endocytic cargoes by hydrolases in lysosomes and
autolysosomes.

1.2 Endolysosomal Ion Channels

Physiological functions of endolysosomes, such as transport and degradation, are
determined by the ionic homeostasis and membrane potential. The luminal Na+ and
K+ concentrations are estimated as 20–140 mM for Na+ and 2–50 mM for K+

(Xu and Ren 2015). The enormous variation in these values is presumably due to
the large amount of various ion channels, transporters, and exchangers in the small-
size organelles (100–500 nm in diameter for vesicular endolysosomes, ~50 nm in
diameter for tubular endolysosomes) (Morgan et al. 2011; Xu and Ren 2015;
Freeman and Grinstein 2018). Endolysosomal ion channels mediate ion flux across
membranes and thereby control ion distribution and thus ion homeostasis, mem-
brane potential, and Ca2+ release (Xu and Ren 2015; Morgan et al. 2011). Electro-
physiological methods are the most predominant techniques to functionally study
ion channels. The endolysosomal patch-clamp technique, which will be described in
this chapter, has recently been applied in several studies to characterize a number of
endolysosomal ion channels (TPCs, TRPMLs, BK, P2X4, TWIK2, TMEM175,
LRRC8A, PAC) (Wang et al. 2012; Dong et al. 2010; Chen et al. 2017a; Plesch
et al. 2018; Cao et al. 2015; Huang et al. 2014; Bobak et al. 2017; Cang et al. 2015;
Li et al. 2020; Osei-Owusu et al. 2021) (Fig. 1). Using a combination of knockout
and knockdown animal models, cell biological methods, imaging technologies,
pharmacological tools, and the endolysosomal patch-clamp technique, the functions
of these channels have been explored in more detail (Patel et al. 2022; Hu et al. 2022;
Riederer et al. 2022; Chen et al. 2022).

2 Material and Method of Endolysosomal Patch-Clamp
Technique

Detailed electrophysiological characterization of endolysosomal ion channels allows
a better understanding of how organellar ion homeostasis is regulated and allows us
to evaluate them as potential novel drug targets for human diseases. Erwin Neher and
Bert Sakmann developed the patch-clamp technique in the 1970s; this method is still
the gold standard approach to investigate plasma membrane ion channels (Sakmann
and Neher 1984). In patch-clamping, a glass microelectrode filled with a solution
referred to as pipette solution (= cytosolic solution) is used to form a gigaseal with
the cell’s surface membrane in the bath solution (= extracellular solution). The
electrical circuit is formed between the recording and reference electrode with the
cell membrane in between. Then membrane currents or membrane potential is
measured by applying voltage pulses or injecting currents through the pipette
under the control of an amplifier. While this conventional patch-clamp technique
has been very efficacious for investigating ion channels on the plasma membrane of
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the cell of interest, for channels expressed in endolysosomal organelles, three major
challenges limit the application of this conventional method: (1) The size of
endolysosomes is usually small (<1 μm in diameter). Thus, endolysosomes are
challenging to be resolved under the microscope and are smaller than the opening
end of the typical glass micropipette. (2) Special skills are required for the isolation
of endolysosomes directly out of the target cell while maintaining the organelles’
integrity. (3) The seal formation and then rupturing the endolysosomal membrane
inside the patch pipette to form the whole-endolysosome configuration are difficult,
because intracellular organelles do not have a cytoskeleton and therefore do not
entirely maintain their structure after breaking in.

Several electrophysiological methods have been employed to overcome the
above-mentioned problems:

Fig. 1 Localization of endolysosomal ion channels. Distribution of various endolysosomal cation
and anion channels based on specific whole-organelle, e.g., recycling endosome (RE), early
endosome (EE), late endosome and lysosome (LE/LY), and phagosome patch-clamp recordings.
TfR, transferrin receptor; TRPML, transient receptor potential mucolipins; TMEM175, transmem-
brane protein 175; PAC, proton-activated chloride channel; TPC, two-pore channels; LAMP1,
lysosomal-associated membrane protein 1; BK, calcium-activated potassium channel; P2X4, P2X
receptor ATP-activated cation channel; LRRC8, leucine-rich repeat-containing protein 8; LC3,
microtubule-associated proteins 1A/1B light chain 3B
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(a) Lipid bilayer recordings: In the bilayer recordings, purified ion channel proteins
or membrane fractions containing the organelles are reconstituted into synthetic
phospholipid bilayers (Pitt et al. 2010; Brailoiu et al. 2010).

(b) Conventional patch-clamping for endolysosomal ion channels redirected to the
plasma membrane: In this approach, the lysosomal targeting sequences of
endolysosomal ion channels are mutated, resulting in endolysosomal proteins
being expressed predominantly on the plasma membrane instead of
endolysosomal membranes (Bonifacino and Traub 2003).

(c) Solid-supported membrane-based electrophysiology (SSM or SSME) technique:
The SSME also refers to as an endolysosomal planar patch-clamp method, was
applied to characterize TPC2 and TRPML1 on intact endolysosomes, isolated,
e.g., from fibroblasts that endogenously express the channel or HEK293 cell
lines that stably express the channel (Schieder et al. 2010; Chen et al. 2014;
Grimm et al. 2014; Ruas et al. 2015). Solid-matrix planar glass chips were used
in the Port-a-Patch system (Nanion, Munich) for capturing the isolated native or
enlarged vesicle on a small aperture (<1 μm in diameter) in a microstructured
planar borosilicate chip. This glass chip with a small aperture allows small and
even native endolysosomes to be analyzed based on pressure suction control
system.

(d) Modified conventional patch-clamp technique: This technique requires basic
classical glass-electrode-based patch-clamp instrumentation such as an inverted
microscope, an anti-vibration table, a micromanipulator, and electronics. The
most important step in endolysosomal patch-clamp is to utilize a glass dissection
micropipette to open up the plasma membrane and to push the endolysosome of
interest out of the cell (Fig. 2). Here, we will describe the formal processes,
alternative plans, and trouble-shootings for the endolysosomal patch-clamp
approach and its derivative techniques based on the standard protocol and the
methodology of the endolysosomal patch-clamp technique (Zhong and Dong
2015; Chen et al. 2017a, b).

The standard endolysosomal patch-clamp approach consists of subsequent steps
including: cell culture, enlargement of vesicles, pipette preparation, organelle isola-
tion, and recording (Chen et al. 2017a). All essential equipment is the same as for
traditional electrophysiology: patch-clamp setup (inverted microscope, amplifier,
micromanipulator, anti-vibration table, faraday cage, perfusion system) and pipette
preparation setup (micropipette puller, microforge). The difference between
endolysosomal patch-clamp approach and the conventional patch-clamp technique
lies in three key points:

1. The enlargement of the organelle.
2. The separation of the organelle.
3. The pipette preparation.
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Fig. 2 Lateral view of the dissection and isolation process of individual enlarged endolysosomes
from a cell attached to a glass coverslip. The isolation-pipette is pressed against the edge of a cell
close to the enlarged target vesicle, pressed downward until touching the coverslip (I), and quickly
pulled off to dissect a piece of the plasma membrane (II). A rapid pull helps to tear the plasma
membrane while reducing the possibility of the cells detaching from the coverslip. Then, the target
vesicle is slowly pushed out of the cell (III). The isolated vesicle is isolated next to the host cell in
the end (IV). After isolation, new recording pipette will be used for patching
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2.1 Enlargement of the Organelle

For endolysosomal patch-clamp approaches, enlarging the target organelle to a
diameter greater than 2 μm is the necessary prerequisite. Except for the occasional
observation of large vesicles, most endolysosomes still require pharmacological
pre-treatments or genetic tools to enlarge. Different tools can be used to selectively
enlarge individual endolysosomal compartments such as RE, EE, LE, LY and other
compartments like phagosome, autophagosome, and autolysosomes, making these
vesicle populations accessible to endolysosomal patch-clamp. The pharmacological
and genetic tools described in Sect. 3 enlarge endolysosomal vesicles by increasing
homologous fusion (or, by reducing fission). However, it is still possible for the cells
in culture to develop extremely large vesicles spontaneously, such as gigantic
autophagosomes in aged cells (Escobar et al. 2015; Chen et al. 2018). To reduce
selection bias, the thresholds for size and quality of vesicles have to be set and
described in each experiment, e.g., capacitance 1–3 pF, diameter 3–5 μm, and
excluding large compartment with solid cytoplasmic content. In addition to enlarg-
ing specific endolysosomes, fluorescent-protein-tagging endolysosomal membrane
protein/channel variants, such as mCherry-Rab proteins or TPCs/TRPMLs-YFP, are
often used to identify specific target vesicles using epi-fluorescence microscopy.

2.2 Isolation of the Organelle

As with the conventional patch-clamp technique, all cell types attached to glass
slides can be used for the endolysosomal patch-clamp approach. However, the
success rate of endolysosomal patch-clamp is largely determined by specific
characteristics of the cells, such as cell adhesion, cytoplasmic size, the toughness
of lipid membrane, extracellular matrix, and intracellular matrix. Various conditions
may facilitate the isolation and establishment of gigaseals (1–20 GΩ): (1) Coating
the coverslips with poly-L-lysine to promote the tight attachment of cells to the
coverslip, e.g., exposed to 0.1 mg/ml of poly-l-lysine in 80 mM boric acid and
10 mM borate for at least 24 h (Chen et al. 2017b). (2) Maintaining a high-quality
cell culture environment. (3) Inhibiting the synthesis of extracellular matrix, e.g.,
ß-D-xyloside (Izu and Sachs 1991). (4) Stable micromanipulator to minimize vibra-
tion and drift of the manipulator. (5) Phase-contrast microscopy may facilitate to
discriminate membrane structures, which helps to identify the edge of the plasma
membrane and isolated vesicle. The steps of vesicle isolation are shown in Fig. 2.
Besides the major steps shown in Fig. 2, several suggestions may help with the
isolation of organelle:

• Cell confluence: If possible, 30–50% cell density provides suitable clean space on
nearby the target cell for dissection of plasma membrane and observation of
isolated vesicle. However, theoretically you only need at least one cell to be well
adhered to the glass slide. For example, it is difficult to obtain very small numbers
of primary cells such as brain microglia (Li et al. 2021). If the cells do not adhere
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well, the tip of the isolation-pipette can be used to compress the cytoplasm outside
the target vesicles, like stapling the cells to a glass slide. Or choose a colony of
three to five cells, which sometimes adhere better than a single cell.

• Target vesicle: The best position of the target vesicle in the cell is on the side close
to the micromanipulator arm. If it is on the opposite side, the glass electrode must
cross the entire upper edge of the cell, which is likely to cause unwanted
interference.

• Size: The size of the recorded target vesicles should be kept within a certain range
(e.g., 3–5 μm in diameter) and the capacitance value (e.g., 1–3 pF) or even the
image of each vesicle should be recorded to reduce the experimenter’s selective
bias. Sometimes large lysosomes may be observed with residues that have not yet
been digested, and these substances usually reduce the chance of gigaseal
formation.

• Pressure: Using a syringe to apply some positive pressure (~2–10 mmHg) to the
inside of the glass electrode before the tip of the glass pipette touches the liquid
surface may help reduce the amount of material in the solution sticking to the
pipette tip and increase the chance of forming a gigaseal. Another benefit of
applying positive pressure is that as the tip approaches the vesicle about 1–2 μm,
you can observe the balloon-like vesicle being blown up, or slightly deformed, or
even rolling in place.

• Time: As in conventional electrophysiology, cells gradually become apoptotic
and rounded when removed from the cell culture incubator. Therefore, in
endolysosomal electrophysiology experiments, it is also recommended to com-
plete the isolation preparation as soon as possible within 1 h.

If a second arm of micromanipulator is available, the target cells can be holding
with the second glass micropipette and opening of the cells can be performed using
the isolation glass micropipette (Zhong and Dong 2015).

2.3 Pipette Preparation and Recording Solutions

For successful seal formation, the pipette tip must be smooth and symmetrical. It is
highly recommended to use a multi-step puller and fire-polishing to produce suitable
pipette tips (Chen et al. 2017a). The tip opening should be 0.5–0.9 μm in diameter or
5–10 MΩ. For endolysosomal recordings (Fig. 3), unless otherwise stated, the
cytoplasmic solution (bath solution) comprised 140 mM K-MSA, 5 mM KOH,
4 mM NaCl, 0.39 mM CaCl2, 1 mM EGTA, and 10 mM HEPES (pH adjusted
with KOH to 7.2). Luminal solution (pipette solution) comprises 140 mM Na-MSA,
5 mM K-MSA, 2 mM Ca-MSA, 1 mM CaCl2, 10 mM HEPES, and 10 mM MES
(pH adjusted to 4.6 with MSA) (Cang et al. 2013; Sakurai et al. 2015; Chao et al.
2017; Bobak et al. 2017; Li et al. 2020; Gerndt et al. 2020). Solutions are modified
from Tyrode’s solution to mimic physiological conditions. MSA (methanesulfonate)
is used instead of high concentration of chloride to reduce endogenous Cl- currents
(Schieder et al. 2010). MES (2-(N-Morpholino)-ethane sulfonic acid) was applied
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for buffering acidic pH solution. Bath and pipette solutions must be free of debris
and are freshly filtered with a detergent-free 0.2 μm filter before experiment.

3 Different Protocols to Enlarge Specific Types
of Endolysosome for Patch-Clamp Analysis

3.1 Whole-Endolysosome Recording

For standard whole-endolysosomal patch-clamp recordings we use vacuolin-
enlarged endolysosomes (Dong et al. 2010; Cang et al. 2013; Sakurai et al. 2015;
Chao et al. 2017; Bobak et al. 2017; Li et al. 2020; Gerndt et al. 2020). Vacuolin is
known to enlarge different types of endosomes and lysosomes (Chen et al. 2017b;
Cerny et al. 2004). For endolysosomal vesicle enlargement (>2 μm in diameter),
transfected and untransfected cells are pretreated with 1 μM vacuolin-1. The timing
of application is determined by the growth rate of each cell type. For native
macrophages it is 0.5–1 h; for COS cells 1–2 h; for HEK293 cells 1–12 h; for
fibroblasts, cardiac myocytes, and neurons, an overnight treatment with 2 μM
vacuolin-1 is suggested (Fig. 4). Notably, the lipid and protein compositions of the
vacuolin-enlarged vacuoles may vary between different subtypes of endolysosomes;
different endolysosomes (LE/LY, EE, RE. . .) have various components resulting in
altered channel properties, such as PIPs. Additionally, the incubation of cells with

Fig. 3 Whole-endolysosomal recordings of TPC2. (a) Whole-endolysosomal currents were
recorded from human TPC2-expressing human embryonic kidney 293 (HEK293) cells by using
endolysosomal patch-clamp. Currents were activated by application of 10 μM PI(3,5)P2. Current-
voltage relations were recorded using voltage step protocols from -125 mV to +125 mV, step of
25 mV, holding voltage at +60 mV. (b) Current-voltage relationships determined from similar
current families as in A. Currents were determined at the end of the voltage pulses as indicated by
the arrow in A and plotted against voltage of the respective voltage step. Data are represented as
mean ± SEM. N = 4
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Fig. 4 Pharmacological tools for endolysosomal patch-clamp approaches. (a) Cartoon illustrating
the different pharmacological tools used for the enlargement of endolysosomal compartments. The
combination of Wort. (Wortmannin) and Lat.B (Latrunculin B), and the Vicenistatin are selectively
enlarging Rab5 and EEA1-positive early endosomes (EE). YM201636 and Apilimod are specific
for Rab7 and LAMP1-positive late endosomes (LE) and lysosomes (LY). Vacuolin enlarges RE,
EE, LE, LY, and autolysosomes. The distribution of the major endolysosomal calcium permeable
ion channels is also shown in the figure. (b) A table shows the different cell types and
endolysosomes to enlarge and the compounds, concentration, and time required for swelling
vesicles. Notably, it has been reported that no significant difference in channel properties was
seen for endolysosomes obtained with pharmacological enlargement or endogenous vesicles (Dong
et al. 2010; Grimm et al. 2014)
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sucrose (50 mM) for hours has been applied to enlarge endolysosomal vacuoles for
whole-endolysosome patch-clamping (Wang et al. 2017).

3.2 Late Endosome and Lysosome Recording

To selectively record ion channel activities on LE/LY, these organelles need to be
selectively enlarged. For this purpose we use inhibitors of PIKfyve, the kinase that
converts PI3P to PI(3,5)P2. Two compounds are currently available, e.g.,
YM201636 (Chen et al. 2017a) and apilimod (Cai et al. 2014; Wang et al. 2017).
The pretreatment of YM201636 and apilimod specifically enlarges LAMP1-positive
LE/LY, but not Rab5-positive EE or Rab11-positive RE. Apilimod can be used at
1 μM or 0.5 μM for 8 h to enlarge LE/LY in COS-1 cells (Cai et al. 2014; Wang et al.
2017). Besides pretreatment of cells with pharmacological tools, transient transfec-
tion with TMEM106B has been applied to enlarge LE/LY for whole-LE/LY patch-
clamping (Li et al. 2020). TPC2, TRPMLs, BK, and LRRC8 channel activities have
been measured using the LE/LY patch-clamp approach (Wang et al. 2017; Chen
et al. 2017a, 2020; Gerndt et al. 2020; Li et al. 2020; Spix et al. 2022).

3.3 Early Endosome Recording

Inhibition of Rab5 activity stimulates endosomal membrane homotypic fusion, e.g.,
transfecting cells with Rab5-Q79L, a dominant-negative Rab5 mutant (Bertl et al.
1992). Enlarged EEs are observed in Rab5-Q79L transfected cells, allowing ion
channels on the EE to be examined by patch-clamping (Cang et al. 2015; Osei-
Owusu et al. 2021). Vicenistatin, a natural compound that enhances homotypic
fusion between EEs, has been reported as a small-molecule tool for EE (Rab5-
positive) enlargement, and the vacuoles produced by a pretreatment with 300 nM
Vicenistatin for 2 h are feasible for EE patch-clamping (Wang et al. 2017). A
combined pretreatment of wortmannin and latrunculin B selectively enlarges
Rab5-positive EE for EE patch-clamping (Chen et al. 2017a; Li et al. 2020).
Wortmannin is a fungal metabolite that is a non-specific inhibitor of
phosphoinositide 3-kinases (PI3K), which induces the enlargement of RE
(Carpentier et al. 2013). Latrunculin B was found to disrupt endosomal sorting
and impacted actin dynamics (Greene and Gao 2009) which may also facilitate the
enlargement of RE. TRPMLs, TMEM175, and PAC have been investigated using
EE patch-clamp approach (Wang et al. 2017; Chen et al. 2017a; Gerndt et al. 2020;
Plesch et al. 2018; Spix et al. 2022).

3.4 Recycling Endosome Recording

There is no known method to exclusively enlarge the recycling endosome for RE
patch-clamping, probably because the half-life of recycling endosomes and sorting
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endosomes is short (RE, SE t1/2 of 2–30 min) (Maxfield and McGraw 2004).
However, by non-specific enlargement of all endolysosomes by vacuolin, while
using fluorescent protein markers or RE-specific dye, enlarged RE was identified
in HEK293 cells and macrophages. For example, transiently transfection with
fluorescent tagging RE markers, e.g., Rab4, Rab11, or Alexa Fluor 555-conjugated
Tfn dye (Tfn555), and pretreatment of vacuolin was used to enlarge fast-RE (Rab4-
mCherry positive vesicles), slow-RE (Rab11-mCherry positive vesicles), or
Tfn555+ RE (Tfn555 stained vesicles), respectively (Plesch et al. 2018; Chen
et al. 2020). TRPML2 channel activity has been reported using RE patch-clamp
approaches (Plesch et al. 2018; Chen et al. 2020).

3.5 Other Endolysosomal Compartment Recording

Whole-phagosome patch-clamp has been applied to observe TRPML1 currents in
erythrocyte-containing phagosomes from macrophages (Samie et al. 2013). Whole-
VAC (vacuolar apical compartment) patch-clamp was performed to investigate
TRPML1 channel activity on apical vacuoles isolated from gastric parietal cells
(Sahoo et al. 2017). For whole-VAC recording, pretreatment of histamine and the
phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX) in parietal cells
was applied to swell VAC (Sahoo et al. 2017), which is highly enlarged filling with
HCl and water because of the action of ATPase pump (Karvar et al. 2002). For
phagosome patch-clamping, endocytic erythrocytes from phagocytosis were consid-
ered to be phagosomes (Samie et al. 2013). Inwardly rectifying TRPML1-like
currents were observed in the whole-phagosome and whole-VAC configurations
(Sahoo et al. 2017).

3.6 Limitations and Challenges

The electrophysiological techniques mentioned in this chapter still have some
limitations. In the methods (a) and (b), the main drawback is that the membrane
environment is an artificial bilayer or plasma membrane, which is fundamentally
different from the endolysosomal membranes. In particular, the specific membrane
composition and proteins are different. The absence of possible interaction partners
and cofactors results in non-physiological channel gating phenomena or even alter-
ing the channel conformation, e.g., Rabs and PIPs (Zhang et al. 2012; Lin-Moshier
et al. 2014). The limitations of method (c) are (1) vision control is missing and
(2) restriction of solution compositions (e.g., high concentrations of Ca2+ and F- are
required for forming gigaseal). Nevertheless, the application of the solid-supported
membrane electrophysiology is beneficial when cells are growing only in suspension
principally. Although method (d) is currently the most commonly used electrophys-
iological technique to study endolysosomal ion channels, it generally requires the
step of enlarging vesicles and manually separating the selected vesicles. However,
this is also a limitation of the capillary glass-electrode-based electrophysiological
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technology. The lack of cytoskeleton to maintain organelle stability and interference
from intracellular fibers remain the biggest reasons for the low success rate of these
experiments. In addition to the accumulated experience of electrophysiologists,
breakthroughs in electrophysiological techniques require the cooperation of other
fields such as advanced high-resolution optical microscopy. This chapter has
introduced the cutting-edge techniques for measuring electrophysiological signals
in endolysosomes. In the future, with the help of advanced optical systems and high-
precision fluorescent small-molecule tools, it will be possible to measure ion channel
activity in a single organelle within a cell.
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