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Abstract

Ion channels play key roles in physiology. They function as protein transducers able to transform

stimuli and chemical gradients into electrical signals. They also are critical for cell signaling and

play a particularly important role in epithelial transport acting as gateways for the movement of

electrolytes across epithelial cell membranes. Experimental limitations, though, have hampered

the recording of ion channel activity in many types of tissue. This has slowed progress in

understanding the cellular and physiological function of these channels with most function

inferred from in vitro systems and cell culture models. In many cases, such inferences have

clouded rather than clarified the picture. Here, we describe a contemporary method for isolating

and patch-clamping renal tubules for ex vivo analysis of ion channel function in native tissue.

Focus is placed on quantifying the activity of the epithelial Na+ channel (ENaC) in the

aldosterone-sensitive distal nephron (ASDN). This isolated, split-open tubule preparation enables

recording of renal ion channels in the close to native environment under the control of native cell

signaling pathways and receptors. When combined with complementary measurements of organ

and system function, and contemporary molecular genetics and pharmacology used to manipulate

function and regulation, patch-clamping renal channels in the isolated, split-open tubule enables

understanding to emerge about the physiological function of these key proteins from the molecule

to the whole animal.
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1 Introduction

Ion channels are key intrinsic membrane proteins. They are responsible for the diversity of

electrical signaling found in every living cell. In addition, electrolytes and water, the latter of

which follows the movement of electrolytes via osmosis, are transported across epithelial

barriers of the integumentary system, gastrointestinal tract, the kidney, secretory glands, and

many other organs, in part, via ion channels. Vectorial ion transport across epithelia is a

consequence of the selective expression of ion channels and transporters in apical and

basolateral membranes of epithelial cells. Understanding the basics of ion channel

biophysics and function as well as regulation is critical to understanding the physiological

role of these important proteins and how, when dysfunctional, they contribute to pathology.
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The recent elucidation of many human diseases caused by ion channel dysfunction provides

fascinating insights into the diverse roles ion channels serve (1–9). However, our limited

ability to record ion channel activity in native tissue has limited discovery of channel

function in physiological and pathological conditions. This is particularly true for ion

channels in epithelia, such as those expressed in renal tubule cells critical to the fine-tuning

of the electrolyte and water concentrations of plasma and urine.

Most electrophysiological studies of ion channels have been performed in either cell culture

or recombinant systems (10–13). Because in vivo function must be extrapolated from

findings in these artificial systems, such studies often produce results that differ from the

channels’ real function in native cells. Importantly, the patch-clamp method, which is often

used to quantify channel activity in cultured cells, also provides an opportunity, when

applied to native tissue, to explore the properties of ion channels in their more native

environment. We describe here an isolated, split-open tubule preparation that is suitable for

ex vivo analysis of renal ion channels. This preparation allows access to both the apical and

basolateral membranes of tubule epithelial cells. Here we describe key aspects of this

methodology, including mechanical isolation of the aldosterone-sensitive distal nephron,

preparation of these tubules for patch-clamp analysis, and the recording of ion channel

activity in the cell-attached configuration. Focus is placed on recording the activity of the

epithelial Na+ channel, ENaC, in the apical membrane of principal cells in the aldosterone-

sensitive distal nephron.

The power of in vivo and ex vivo analysis of ion channel function is that it preserves the

native setting and control of these critical proteins within the cell and retains many of the

emergent properties inherent to real tissue. From these types of studies, structural and

functional details, as well as understanding of regulation, can be obtained under normal and

pathological conditions. Moreover, combining this readout of channel activity with

genetically altered mice enables definition and clarification of the in vivo function of

proteins that have been studied in vitro (14–18). In addition to being a tool for understanding

the physiological function of particular proteins, mutant mice can also be used to model

human diseases. Applying ex vivo analysis of ion channel function to preparations prepared

from these animals then also enables the exploration of ion channels as causative agents

and/or targets for disease.

Here we focus on a murine kidney preparation. However, this approach can be, and has

been, used to study renal channels in other mammals. For instance, we have successfully

used this approach with minor changes to investigate ENaC in rat and canine kidneys

(unpublished data). In combination with other contemporary cell biology methods,

measurements of organ and system function, and incorporation of genetically modified

animals, this electrophysiological approach represents a powerful tool to study electrolyte

transport in specific nephron segments, and enables precise understanding of the

physiological role of specific channel proteins along the nephron (19–23). Knowledge

gained from such studies in recent years has been instrumental in increasing our

understanding of basic and clinical aspects of renal disease.
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2 Materials

2.1 Mouse Sacrifice and Kidney Isolation

1. Six-week-old C57BL/6J male mice (this mouse strain is broadly commercially

available, for instance from Jackson Laboratory, USA; strain code 000664) (see

Note 1).

2. CO2 gas tank and hermetic chamber for sacrifice.

3. Cold Hanks balanced salt solution (HBSS) (Sigma Aldrich, USA).

4. 6-cm-diameter plastic Petri dishes (BD Falcon, USA).

5. Standard straight forceps (Fine Science Tools, USA).

6. Straight surgical scissors (Fine Science Tools, USA).

7. Nitrile gloves (Kimberly-Clark, USA).

2.2 Isolation of Renal Tubules

1. Cold HBSS (Sigma Aldrich, USA).

2. One freshly harvested kidney kept on ice in HBSS.

3. 10-cm-diameter plastic Petri dishes (TPP, Fisher Scientific, USA).

4. Single-edge steel blade (American line, USA).

5. 6-cm-diameter plastic Petri dishes (BD Falcon, USA).

6. Two Dumont #4 forceps (Fine Science Tools, USA).

7. Stereo microscope (Nikon SMZ 645, Melville, NY, USA) (see Note 2).

8. 18 × 18—Cover glass #2 cover glass (Fisher Scientific, USA) cut into 5 × 5 mm

chips.

9. Diamond scriber with diamond tips (Techni-Tool, USA).

10. 0.01% solution of poly-D-lysine (Sigma Aldrich, USA).

2.3 Single-Channel Analysis of ENaC Activity in Isolated Tubules Using the Patch-Clamp
Method

1. Patch clamp amplifier (we use Axopatch 200B Molecular Devices., Downingtown,

PA, USA; see Note 3).

1It is also possible to use other mouse strains and gender. This approach also can be used to study renal channels in rat, rabbit, canine,
and other mammals.
2The stereomicroscope Nikon SMZ 645 is not produced anymore. However Nikon AMZ 745 or any other comparable model should
be sufficient for tubule isolation.
3There are many different patch-clamp amplifiers, A/D acquisition boards and programs, micromanipulators, isolation tables,
microscopes, pipette pullers, perfusion chambers, etc. available for patch-clamp analysis. The user should use those best suited to their
experiments and personal preference. For a detailed description of the patch-clamp method, the reader is directed towards the excellent
book by B. Sakmann and E. Neher (34); see also Chapter 7 of this book.
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2. Digitizer, i.e., Digidata 1322A or 1400 A/D board (Molecular Devices) interfaced

with a PC running appropriate data acquisition and analysis software (i.e., pClamp

9.2 or newer software suite from Molecular Devices).

3. Precision micromanipulator (we use MP-285 from Sutter Instr. Co., Novato, CA,

USA) and mechanical micromanipulator (i.e., NMN-21 Narishige, East Meadow,

NY, USA).

4. Vibration isolation table with Faraday cage (i.e., Tech. Manufacturing Co.,

Peabody, MA, USA).

5. Inverted microscope (i.e., Nikon TE2000-U, Melville, NY, USA).

6. Micropipette puller (i.e., Model P-97 Flaming/Brown puller, Sutter Instrument Co.,

USA).

7. Micro-forge (MF-830 Narishige, East Meadow, NY, USA).

8. Borosilicate glass capillaries (World Precision Instruments, Sarasota, FL, USA)

pulled and forged to 7–10 mΩ for cell-attached patch-clamp recording.

9. Fast exchange recording/perfusion chamber (we use model RC-22, Warner

Instruments, USA).

10. Multichannel valve perfusion system (i.e., Valve Bank II, AutoMake Scientific,

USA).

11. Pipette solution: 140 mM LiCl, 2 mM MgCl2, and 10 mM HEPES (pH 7.4) (see

Note 4).

12. Extracellular bathing solution: 150 mM NaCl, 5 mM KCl, 1 mM CaCl2, 2 mM

MgCl2, 5 mM glucose, and 10 mM HEPES (pH 7.4) (see Note 4).

13. Adjustable volume pipette (10–100 μL) with appropriate tips (Eppendorf Research

plus 100 μL, Eppendorf, USA) for drug application.

14. Eight-pole low-pass Bessel filter (LPF-8, Warner Instr. Corp. Hamden, CT, USA).

3 Methods

Isolating tubules for patch-clamp analysis has much in common with isolating them for

perfusion and microelectrode work (19, 24–27). Similarly, patch-clamp analysis of channels

in native cells of isolated tubules is similar to that of immortalized and freshly isolated cells

held in culture (28–33).

To be able to study ENaC in ASDN isolated from normal and genetically altered mice, the

technique used to isolate tubules was modified to allow patch clamping of the apical plasma

membrane of tubule cells. This modification combines splitting open the tubule followed by

patch clamping of individual cells. In addition to the electrophysiological measurements

described below, the modified approach for isolation may be useful for several other

4The pipette and extracellular bathing solutions should be appropriate for the channel of interest. The choice of solutions depends on
experiments conditions.
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applications, e.g., immunohistochemical, biochemical, and molecular analysis of this tissue.

Figure 1 illustrates the steps required to mechanically isolate tubules from the kidney

without enzymatic treatment. Opening of the tubule with two micropipettes is shown in Fig.

2. Enzymatic techniques have been commonly used for the preparation of isolated tubules as

a model for many biochemical and physiologic investigations. However, they are not

recommended for electro-physiology study since changes during digestion may lead to

drastic disturbances in protein function. Destroying the normal cellular environment and

connections with other cells may also result in conditions different than normally seen in

physiology. Thus, mechanical dissociation of tubules, which preserves tissue and cellular

integrity protecting native structure and surroundings, is recommended.

There are four main patch-clamp configurations: cell attach, inside-out, outside-out, and

whole cell (34) (See also Chapter 7 of this book). We mostly use in our experiments the cell-

attached configuration. However, these other configurations are also compatible with this

preparation. With the cell-attached configuration, as shown in Fig. 3a, the intracellular face

of the channel is exposed to the native intracellular milieu and the extracellular face to

solution in the recording pipette. Figure 3b shows ENaC current traces from a cell-attached

patch of a native principal cell in a freshly isolated mouse ASDN. The patched membrane

was presented with test potentials that ranged from 0 to −60 mV. This seal contained at least

three ENaC channels. Figure 3c shows the single-channel current–voltage relation for ENaC

in mouse principal cells in freshly isolated ASDN. Similar current–voltage relationships are

observed in rat tubules (32, 35–37). From this relationship, the conductance of ENaC can be

determinate. In cell-attached patches, ENaC has a conductance of 4–5 pS with 140 mM

NaCl in the pipette (38). To increase channel conductance without affecting any other

channel property, the permeant ion in the patch pipette, Na+, was replaced by Li+. The latter

permeates through ENaC better, increasing channel conductance.

As shown in Fig. 4 the effect of acute application of regulatory factors on ENaC activity can

be studied in freshly isolated renal tubules. Figure 4 shows representative current traces for

ENaC in native principal cells before and after application of 1 μM of arginine vasopressin

(AVP) (Fig. 4a) and 10 μM ATP (Fig. 4b). As is clear in these representative current traces

and as we previously demonstrated, AVP increases ENaC activity (39–44). In contrast, ATP

decreases ENaC activity (31, 45, 46).

The mechanism of ENaC regulation by dietary salt intake was studied in isolated tubules

from animals maintained with different salt diets for at least 1 week (14–16). Experiments

were performed on mice (Fig. 5) and rats (Fig. 6) kept on low (<0.01%) Na+, regular

(0.32%) Na+, and high (2%) Na+ diets. As clear from the current traces in Figs. 5a and 6a,

ENaC activity is inversely related to dietary salt intake. In addition to revealing biophysical

characteristics, single-channel resolution also provides information about the number of

active channels within a patched membrane (N) and the average probability that a channel

will be open, commonly referred to as open probability (Po). Channel activity is routinely

reported as NPo. In addition to N, information can be gleamed about channel density by

quantifying the frequency (f) of observing a channel where f = patches with at least one

active channel of that type/total number of viable seals for that condition. As demonstrated

in Figs. 5b and 6b salt diet affected both Po and N.
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Successful isolation and splitting of renal tubules and electro-physiological analyses is

detailed as described below:

3.1 Mouse Kidney Isolation

1. Make sure that your handling of animals adheres to the appropriate ethical

guidance and legislation (see Note 5).

2. Animal work is performed using protective gloves under appropriate safety

conditions.

3. 6–8-week-old male mice are sacrificed by CO2 administration followed by cervical

dislocation (see Note 6).

4. The animal is placed on a surgical table. Using forceps and scissors make an

incision exposing the chest cavity. Retractors can be used to keep the incision open

(see Note 7).

5. The kidney is then removed and immediately put on ice in a 6-cm-diameter plastic

Petri dish with approximately 4 mL of the HBSS solution.

3.2 Isolation of Mouse Renal Tubules

1. The kidney is taken from the HBSS solution and decapsulated using forceps. Figure

1 illustrates the steps of this procedure for reference.

2. The decapsulated kidney is cut into thin slices (<1 mm) with a razor blade in a 10-

cm-diameter plastic Petri dish.

3. One of the slices is placed into a new 6-cm-diameter plastic Petri dish with

approximately 3 mL of fresh ice-cold HBSS solution. This Petri dish is put under

the stereomicroscope.

4. Using two watchmaker forceps the slice is divided into sections using blunt

dissection. Each section should contain approximately 10–20 tubules. From the

cortical part of each section, the collecting tubules of individual nephrons are

carefully isolated (see Note 8).

5. Isolated tubules are transferred to poly-D-lysine pre-coated 5 × 5 mm glass chips

(see Note 9).

5Non-survival surgeries are performed in septic but clean conditions. Instruments used should be clean, but not necessary sterile. All
solutions used in this preparation should be sterile and kept on ice.
6Carbon dioxide (CO2) inhalation is a common method of euthanasia used for rats and mice. Without pre-charging the chamber, place
the animals in the chamber and introduce 100% CO2 at a slow rate so as to minimize distress. Animals should be exposed to CO2 for
at least 5 min. It is also possible to use other euthanasia techniques. Upon completion of the procedure, death must be insured by
cervical dislocation or other methods approved by the Institutional Ethics (or equivalent) Committee.
7A retractor helps in keeping the incision open and to keep the skin and tissue away from organs. The user should use those best
suited to their experiments and personal preference.
8Isolated tubules can be identified by morphology under the stereomicroscope. The ASDN can be identified as merging of connecting
tubule into cortical collecting duct. Proximal tubules in the cortex can be distinguished by their cloudy pale color and very broad
structure. In contrast, distal elements (cortical ascending limb, distal convoluted tubule, cortical collecting duct, and loop of Henle) are
more transparent and narrower. Cortical collecting duct can be readily distinguished by the ability to see individual cells within the
tubule (26, 27).

Mironova et al. Page 6

Methods Mol Biol. Author manuscript; available in PMC 2014 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



3.3 Splitting Open Tubules

1. A chip containing tubules is placed into the recording chamber affixed to the stage

of an inverted microscope. The chip is perfused with bath (extracellular) solution

for 2–3 min to remove cell debris (see Note 10).

2. The tubule is then split open with two sharp micropipettes controlled with separate

micromanipulators to gain access to the apical plasma membrane of epithelial cells

within the tubule.

3. The tubule is oriented in the chamber so that its midline is perpendicular to the

front of the microscope.

4. The tubule is gently pinned with the left micropipette, taking care not to press

through to the bottom cells. With the left pipette stationary, the top surface of the

tubule is scraped away with the right pipette to open it (see Fig. 2).

5. When the tubule is opened the left pipette is moved a small distance closer to the

front, and step number 4 is repeated. Continue to split open the tubule as needed for

your experiment.

6. The apical membranes of cells within the tubule are cleaned with a suction pipette

under microscopic observation. With this cleaning procedure, the success rate in

obtaining gigaohm seals increases.

3.4 Single-Channel Analysis of ENaC Activity Using the Patch-Clamp Method

1. Prepare bath (extracellular) and pipette solutions, and patch pipettes (see Note 11).

2. The fire-polished glass patch pipette is slowly lowered to the surface of the selected

cell (see Note 12) and a high-resistance (>1 gΩ) seal is formed between the pipette

and plasma membrane by applying negative pressure to the back of the recording

pipette usually through gentle suction. Seal formation is assessed by monitoring

pipette resistance with resistance going from ~7–10 mΩ to more than 8–10 gΩ upon

successfully forming the cell-attached seal.

3. The patch membrane can then be voltage clamped (keeping the voltage constant) to

observe changes in current or current clamped (keeping current constant) to

9Construct glass chips as follows: coverslips are placed onto a hard glass surface and held in place with plastic overlays. One
coverslip is scored with a scriber pen with a diamond tip in a 4 × 4 grid. Scorings are tapped to separate chips. The resulting glass
pieces are approximately 5 × 5 mm and are held in a 35 mm tissue culture dish until use. Cover glass chips are coated with poly-D-
lysine a day before experiments. Poly-D-lysine is used to facilitate adherence of tubules to cover glass. This, in some instances, can be
particularly important for patch-clamp experiments performed with constant bath perfusion. We do not recommend using coverslips
with lysine coating that are more than 5–7 days old. Cell-Tak (BD Bioscience) or other adhesive materials can be used as alternative
to poly-D-lysine.
10Other chips with tubules should be kept on ice in a Petri dish in HBSS solution until needed. The number of chips and tubules
depends on experimental needs, but the researcher should take into account that the experimental window for using freshly isolated
tubules is less than 2–3 h.
11The various configurations of the patch clamp technique may be used to record ion channel activity in renal tubules. The interior of
the pipette should be filled with an appropriate solution. We use a standard physiological saline solution for the bath while performing
cell-attached recordings. We recommend checking the osmolarity of pipette solutions which should be 295 ± 5 mOsm. After
preparation, the pipette solution should be aliquoted and stored in a freezer before experiments to prevent degradation of labile
ingredients.
12The collecting ducts contain two main cell types, principal and intercalated cells. For our study we used principal cells, which are
the more abundant type.
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observe changes in membrane voltage. For our cell-attached voltage-clamp studies,

currents were low-pass filtered at 100 Hz by an eight-pole Bessel filter and

digitized and stored on a PC hard drive using the Digidata interface (see Note 3).
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Fig. 1.
Schematic illustration of the method used to isolate cortical collecting ducts for patch-clamp

analysis. The kidney is isolated from the mouse and then cut into thin slices (<1 mm).

Segments of interest are then mechanically isolated from these slices with microdissection

typically using watchmaker forceps and a stereomicroscope
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Fig. 2.
Shown here is a segment of the cortical collecting duct. The top of this segment has been

split open to allow patch-clamp access to the apical membranes of lining epithelial cells
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Fig. 3.
Recording ENaC at the apical membrane of a principal cell in an isolated, split-open

collecting duct. (a) Patch-clamp recording in cell-attached con fi guration. Major ions in

bath and pipette solutions are shown. (b) Representative single-channel current traces for

ENaC from a principal cell. All recordings were performed in the cell-attached configuration

in the voltage-clamp mode. Current was recorded at test potentials that ranged from 0 to −60

mV. Inward Li+ currents are depicted as downward deflection, and the dashed lines show

the 0 current level (closed state) at each voltage. (c) Single-channel current–voltage

relationship for ENaC in cell-attached patches that were made on the apical membrane of

principal cells in isolated split-open mouse collecting ducts
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Fig. 4.
Activation of ENaC in principal cells of isolated cortical collecting ducts by arginine

vasopressin (AVP) (a) and inhibition by ATP (b). Shown here are representative single-

channel current traces for ENaC in a cell-attached patch from a principal cell before and

after application of 1 μM AVP (a) and 10 μM ATP (b). Arrows indicate addition of AVP

and ATP to the external bath solution. These patches were clamped to a holding potential of

−Vp = −60 mV. Closed state noted with c and areas below 1 (before) and 2 (after addition of

AVP or ATP) shown at an expanded time scale below. Data originally presented in (39, 46)

and reproduced here with permission
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Fig. 5.
ENaC activity and density are controlled by dietary NaCl intake in mice. (a) Representative

current traces from cell-attached patches containing ENaC from mice kept on low (<0.01%)-

Na+ (top), regular (0.32%)-Na+ (middle), and high (2%)-Na+ (bottom) diets. C denotes the

closed state. (b) Summary of ENaC Po, fNPo, and N for mice kept on low, regular, and high-

salt diets. *P < 0.05 vs. regular (0.32%)-Na+ diet; data are expressed as means ± SE.

Numbers inside bars indicate number of experiments. Figure originally presented in (45) and

reproduced here with permission
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Fig. 6.
ENaC activity and density are controlled by dietary NaCl intake in rats. (a) Representative

current traces from cell-attached patches containing ENaC from Sprague–Dawley rats kept

on low (<0.01%)-Na+ (bottom) and regular (0.32%)-Na+ (top) diets. C denotes the closed

state. (b) Summary of ENaC Po for rats kept on low (<0.01%)-Na+ and regular (0.32%)-Na+

diets. *P < 0.05 vs. regular (0.32%)-Na+ diet; data are expressed as means ± SE. Numbers

inside bars indicate number of experiments. Figure originally presented in (32) and

reproduced here with permission
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