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6.1 Intracellular measurements in intact, turgid cell
compared with protoplasts

In a paper published in 1977, Racusen et al. documented a startling property
of higher plant cells: The membrane potential of a higher plant cell responds
to the extracellular osmolarity, depolarizing under hyper-osmotic treatment,
up to and including the point of plasmolysis. The effect was reversed by
removing the extracellular osmoticum. Isolated protoplasts exhibited very
depolarized potentials compared with intact turgid cells. Osmotic effects on
the electrical properties extend beyond changes in the membrane potential.
The conductance, a measure of the voltage dependence of ionic current flow
across the plasma membrane, also changes in response to either hyper- or
hypo-osmotic treatment (Lew 1996). Indeed, at least in Arabidopsis thaliana
the electrical changes coincide with changes in the net ionic fluxes that con-
tribute to turgor recovery after hyperosmotic treatment (Shabala and Lew
2002). These electrical changes are an important part of the cell’s response to
osmotic stresses, but their significance is even greater, because of the impli-
cations for the use of patch clamp to measure ionic properties of plant and
fungal cells.

6.1.1 Protoplasts are required for patch clamp

Patch clamp (Hamill et al. 1981) revolutionized the study of ion transport in
cells, including animal, fungal, algal and higher plant cells. The two major
discoverers, Erwin Neher and Bert Sakmann, were awarded the Nobel Prize
in 1991. The power of the patch clamp technique was 2-fold. First, it allowed
individual ion channels to be measured in situ, in their natural states in the
membrane. Second, with the whole cell mode, it enabled the experimenter to
extend the range of possible measurements: to examine the voltage and time
dependence of ionic currents and use this information to identify the specific
ions contributing to the current. With patch clamp, a wealth of information
has been uncovered about the molecular foundations of ionic transport in
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cells. However, when the patch clamp technique is applied to walled cells, the
wall must first be removed to expose the plasma membrane to the patch
pipette. To avoid lysis, the cell must be held in a solution of osmolarity high
enough to induce plasmolysis. This is necessary whether the wall is removed
by enzymatic digestion or some other technique, such as laser ablation. This
means that the advantage of patch clamp, to examine the voltage and time
dependence of ion transport across the plasma membrane, is offset by the
non-physiological condition of the cell, plasmolyzed and probably attempt-
ing turgor recovery. Certainly not growing, certainly in an abnormal physio-
logical state, the plasmolyzed state of the cell is a technical problem that
obscures the relevance of patch clamp measurements. The ideal way to over-
come this is to perform measurements of the voltage and time dependence of
ionic currents in intact, turgid, possibly even growing cells. But how can this
be done in an intact cell?

6.2 Voltage clamping intact turgid cells

Voltage clamp is the technique of choice to measure the voltage and time
dependence of ionic currents across the plasma membrane. In essence, the elec-
tronics are designed to inject a current sufficient to maintain the voltage of the
plasma membrane at a specified level. Data for a number of different clamped
voltages are compiled to create a current versus voltage relation, or current is
monitored at a single voltage over time to measure time dependence, or both
may be combined. It is useful to measure the cell membrane potential concur-
rent with current injection into the cell to confirm the fidelity of voltage clamp-
ing. There are three ways to voltage clamp intact turgid cells: discontinuous
voltage clamp, dual impalements, and double barrel micropipettes. In all instan-
ces, the intent is to measure the voltage and time dependence of the plasma
membrane ionic currents separate from any contribution of the micropipette
itself. The micropipette resistance is a significant problem, because the resist-
ance at the tip of the micropipette is often similar in magnitude to the resistance
of the plasma membrane. This can cause an inability to separate the voltage and
time dependence of ionic currents through the micropipette tip from the ionic
currents through the plasma membrane.

6.2.1 Discontinuous voltage clamp: a single barrel used for both current
injection and voltage monitoring

Finkel and Redman (1984) described the discontinuous single microelectrode
voltage clamp technique. The technique has been used successfully in intact
higher plant cells. The basic idea is that the time dependence of electrical cur-
rents at the microelectrode tip is very different from those of the plasma
membrane because the capacitance of the micropipette tip is much lower
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than the capacitance of the cell membrane. This will cause a much faster time
response, τ, defined as resistance (R) × capacitance (C): τ=R × C. By rapidly
switching between current injection and voltage measurements, it is possible
to separate temporally the contribution of the micropipette from the contri-
bution of the plasma membrane, as long as τelectrode<τcell. A set of papers using
the discontinuous single electrode voltage clamp technique illustrates the
technique and problems. Forestier et al. (1998) explored the use of the tech-
nique to identify slow anion currents in guard cells. The advantage of the
technique was that measurements could be done in intact cells. Since guard
cells are turgor-active, that is, change their turgor in response to different stim-
uli to control stomata aperture in the epidermis of the leaf, intact cells offer
much greater insight into ion transport required for turgor changes compared
to the turgor-less protoplasts necessary for patch clamp. In the discontinuous
single electrode voltage clamp technique, it is necessary to compensate elec-
tronically for the capacitance of the electrode. Roelfsema et al. (2001) raised
doubts about the applicability of the discontinuous single-electrode voltage
clamp technique in small cells, such as guard cells, because the low capacitance
of small cells would be similar to the capacitance of the electrode (τelectrode~τcell);
thus, a clear separation of the contribution of the electrode and cell would be
difficult. Raschke et al. (2003) confirmed the results of Forestier et al. (1998),
noting that it is crucial to use micropipettes which possess a linear current-
voltage relation to assure that their capacitance can be compensated electron-
ically. That is, the resistance must be voltage independent to assure R × C is
constant for all clamped voltages. Although others have used this technique,
the three papers cited above give a flavor of the doubts associated with the
method. There are two issues: whether it is electronically possible to compen-
sate for the electrode capacitance (or more accurately, time response, R × C)
consistently, and whether the properties of the microelectrode tip are the
same before and during insertion into the cell. In fact, Etherton et al. (1977)
explored the latter question by directly comparing membrane resistance
measurements obtained using two electrodes impaled separately into the
same cell with single electrode impalements. They expressed the concern that
the properties of the single electrode change upon impalement, rendering
the technique questionable. Guard cells do not lend themselves to multiple
impalements, so the discontinuous voltage clamp technique remains a useful
technique to avoid the protoplasting required to patch clamp the cell, with
caveats regarding the quality of the data. Supporting evidence, such as
inhibitor effects (Forestier et al. 1998; Bouteau et al. 1999), bolsters interpre-
tation of the data.

6.2.2 Dual impalements

Etherton et al. (1977) assumed that dual impalements with a voltage moni-
toring electrode and a current-injecting electrode were the “standard by
which the accuracy” of single electrode techniques “could be judged”. Since
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the two processes, voltage monitoring and current injection, are separate,
this is a likely assumption. One concern exists, that multiple impalements
may affect the resistance of the plasma membrane due to membrane damage
caused by the impalements, but Lew (2000) presented evidence discounting
this possibility, at least in root hairs, by showing that multiple impalements
do not cause a decrease in the potential, expected if the impalement site is
the site of significant ionic leakage. Multiple impalements are technically
difficult. The cells must be accessible, and good imaging is very helpful, to
ensure the micropipettes are impaled into the same cellular compartment.
Indeed, the “standard” to identify where the tips are located is fluorescent
dye injection (Holdaway-Clarke et al. 1996). Because only a single impale-
ment into the cell is required, double barrel micropipettes offer technical
advantages, while retaining separation of the voltage and current-injecting
microelectrodes.

6.2.3 Double barrel micropipettes

A number of researchers have used double barrel micropipettes over the years.
Michael Blatt and others used them to perform voltage clamping of the fila-
mentous fungus Neurospora crassa (Blatt and Slayman 1983, 1987). Blatt
subsequently used the technique in guard cells (Blatt 1987), and wrote a
primer on double barrel micropipettes and other electrophysiological
techniques (Blatt 1991) which I recommend highly for new and experienced
electrophysiologists.

6.3 Double barrel micropipette fabrication

The fabrication of double barrel micropipettes involves a sequential set of
steps that are best performed by fabricating a batch of micropipettes at the
same time. Borosilicate capillaries with internal filaments are first cut to an
appropriate length (about 7 cm). We use 1 mm OD, 0.58 mm ID tubing. The
two capillaries are inserted into a micropipette puller in which one of the two
clamps on either side of the heating filament can be rotated (Fig. 6.1). When
the heating filament has softened the glass, the capillaries are rotated by 360°
to create a twist in the glass. Then standard pulling protocols are used to pull
the micropipette. Once pulled, a small amount of fast-setting epoxy is applied
just above the twist to strengthen the fused joint between the two capillaries.
Finally, one of the barrels is heated and pulled away to form a Y-shape. This
eases insertion of one of the barrels of the micropipette into a holder, and
insertion of a chlorided silver wire into the other barrel. Photographs of some
of the fabrication steps are shown in Fig. 6.2.

Typically, we fabricate eight to ten of the double barrel micropipettes at
the same time, First, all are pulled. Then epoxy is applied. When hardened,

142 Roger R. Lew



one barrel is pulled away to form a Y. Then they are stored in a covered dish
until used. Fabrication takes about 1–2 h.

One problem that can arise is crack formation in one of the glass barrels,
probably during the twisting if the glass has not softened enough during heat-
ing. The cracks are not visible (except as a stress crack under magnification),
but reveal themselves when the micropipettes are being tested for tip resist-
ance and crosstalk just prior to impalements. At this time, the crack causes an
extremely low resistance in one of the barrels, far less than the 20 MΩ norm.

Filling of the micropipette barrels with electrolyte is done as with a single
barrel electrode. Usually, a small amount of electrolyte is injected into the
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Fig. 6.1. Construction of a double barrel micropipette. Step 1: heat two capillaries held together
in clamps above and below a heating element which heats the two capillaries in a localized
region. Step 2: when the glass has softened, the two capillaries are twisted by rotating one of the
clamps 360°. Step 3: the two capillaries are pulled to form the sharp tip, and removed from the
pipette puller. Step 4: a drop of fast-setting epoxy is applied to the joint between the two barrels
at the fused twist to strengthen the joint. Step 5: one of the capillaries is softened by localized
heating and pulled away to produce a Y-shape



blunt end of capillaries; 10 min later, the tip will have filled due to capillary
action because of the internal filament. Even the glass twist will have filled.
Backfilling of the bent barrel requires a fine gauge needle, so that it can be
easily inserted past the bend right up to the twist.

6.3.1 Limitations

There are limitations to the use of double barrel micropipettes due to
crosstalk and the localized nature of the current injection and voltage moni-
toring

6.3.1.1 Crosstalk between barrels

In a double barrel micropipette, the glass wall separating the two barrels is
twice the thickness of the outer glass walls (Fig. 6.3). However, it is possible
that some current will “leak” across the wall. The response of both barrels to
a current injected through one barrel is shown in Fig. 6.4. There are voltage
deflections in the second barrel. Initially, there is a capacitance spike due to
capacitative coupling between the two barrels, followed by a steady state
deflection of very small magnitude. The deflection, expressed as percent cou-
pling [100 × (∆E2/∆E1)], is about 1–2%.

6.3.1.2 Maximal current injection

As a consequence of the crosstalk between the two barrels, double barrel
micropipettes are not suitable for measurements requiring large current
injections. A 2 nA current causes a very small voltage deflection in the second

144 Roger R. Lew

Fig. 6.2. Stages in the construction of a double barrel micropipette. The upper panel shows the
two capillaries, twisted together in the second panel, pulled in the third panel, and after final
fabrication in the fourth panel. Bar=2 cm



barrel, but a µA current will cause a deflection large enough to affect meas-
urements in walled cells, whose membrane potentials range from −50 to −200
mV. Thus, double-barrel micropipettes are not suitable for measurements
where µA currents are required, such as the green algae Chara and Nitella,
although larger micropipette apertures may be a solution.

6.3.1.3 Space clamping

Another problem associated with large cells is the incomplete “spread” of volt-
age throughout the cell. When voltage clamping, the cell may not attain the
specified voltage, this is incomplete space clamping. It is a problem for double
barrel microelectrodes, because current injection and voltage monitoring occur
in the same region within the cell. Incomplete space clamping should not be a
problem for small, electrically isolated cells (such as guard cells). However,
with large cells, or when there is electrical coupling between cells, the problem
is pervasive. Under these conditions, quantitation requires multiple impale-
ments, and correction depends upon assumptions about current spread and
cell geometry. There is no simple authoritative solution. Examples of space
clamping problems are shown for different cell types later in the chapter.

6.4 Use: electronics and computer control

There are many resources describing electronics and computer control of
experiments. Purves (1981) is a classic, still timely today. Ogden (1994)
includes very useful contributions on microelectrodes, voltage clamping
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Fig. 6.3. Scanning electron microscopy of double barrel micropipette tip. The left panel shows
the tip shape. The right panel shows the tip apertures. Note the double thickness of glass
between the two apertures. Bars 4.3 and 0.5 µm, as shown
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Fig. 6.4. Electrical properties of the double barrel micropipette. The upper panel shows the
voltage response of the two barrels (E1 and E2) to a 2 nA peak to peak current injected into the
first barrel (E1). The large voltage deflection in the first barrel causes a large voltage deflection



techniques and computer control. For versatility, digital oscilloscopes are used
to monitor experiments and print a copy of recordings. For computer control,
we use analog/digital converters for measuring voltage and clamping currents,
digital/analog converters for controlling the clamped voltage, digital input/
output to switch voltage clamping on, and timers to control the duration of the
voltage clamp; all are supplied by a Labmaster board from Scientific Solutions
(Solon, Ohio, USA). The required software is written in C, compiled and run on
a DOS computer. While this may seem anachronistic, the advantage for us is
complete control of the experimental environment, including the CPU cycles of
the computer. The technical specifications for hardware control have not
changed, so newer systems offer little advantage. For new or experienced elec-
trophysiologists, writing the software programs may be too daunting. If this is
so, turnkey systems are available from many vendors at a significant cost. The
latest development is the inclusion of a DSP (digital signal processor) chip in a
stand alone system for performing measurements and voltage clamp.

6.4.1 Electrometers and voltage clamp circuit

Any electrometer with a sufficiently high input impedance (>1011 Ω) will
work. It is important to assure that the time responses of the voltage and cur-
rent injecting headstages are the same, thus the input impedances should be
matched. A voltage clamp circuit is connected to the electrometers. A schematic
of the electronic circuit is shown in Fig. 6.5.

6.5 Examples of measurements

Examples of measurements in walled cells can include any situation where
current injection and voltage measurements must be kept separate. It is
important to emphasize that like any technique, double barrel micropipettes
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Fig. 6.4. (Continued) due to the resistance of the micropipette tip, 25 MΩ in this example. Some
of the current “leaks” across the glass barrier between the two barrels, causing a much smaller
voltage deflection in the second barrel (E2, about 1 mV). Note that there is a spike at each step
transition in the current injection, caused by the capacitance of the glass barrier between the
two barrels. The measurements were performed with 3 M KCl filling the barrels, and 150 mM
KCl in the external solution to mimic the ionic conductivity of the cytoplasm. Grounding was
performed using a chlorided silver wire (no agar salt bridge was used to minimize stray resist-
ance that would cause a larger voltage deflection in E2). The resistive network is shown in the
lower left panel. By measuring the resistance of each barrel, and the amount of ‘coupling’
between the barrels (100 × (∆E2/∆E1)) (shown in the lower right panel, data are jittered for clar-
ity), it was possible to estimate the value of the resistance of the glass barrier between the two
barrels. The value ranged from 500 MΩ to 100 GΩ, the median value was 3 GΩ. This is consis-
tent with the known resistivity of borosilicate glass, about 1015 Ω × cm. With an estimated bar-
rier thickness of 100 nm, the calculated resistance would be 10 GΩ
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A. Voltage Clamping Network

B. The equivalent circuit
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Fig. 6.5. Voltage clamping schematic. A If we specify VCommand, the operational amplifier will drive
whatever current is necessary into the feedback system (the cell and feedback resistor RFeedback) to
maintain VCell at VCommand. B A more detailed equivalent circuit. The TTLI/O is a switch relay 



may not be sufficient to resolve the electrical properties of a cell. Some of
these issues are outlined in the following examples.

6.5.1 Input resistance

By injecting a known current through one barrel, the magnitude of the voltage
deflection in the other barrel can be used to calculate the resistance of the cell.
If the geometry of the cell is known, than the specific resistance can be calcu-
lated. An example of a measurement is shown in Fig. 6.6. The example is from
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Fig. 6.5. (Continued) controlled by the computer to turn on the voltage clamping circuit. The VCell
is measured at the electrometer (VMonitor). The current is injected via the IStimulus input of another
electrometer. The feedback resistor in this example is very high (125 MΩ) and assures a fast
response by the operational amplifier so that VCell is rapidly clamped with high fidelity

VOLTAGE (mV)

Dark Treatment

CURRENT (1 nA pulses)

Fig. 6.6. Example of input resistance measurements from a mesophyll cell of Ceratopteris
richardii. Both voltage (top trace) monitored with one barrel of the double barrel micropipette
and current (lower trace) injected through the other barrel are shown. Prior to and after the
experiment, electrode tests were conducted to assure there was no electrical crosstalk between
the voltage monitoring and current injecting electrodes. Current injection through the voltage-
monitoring electrode causes a voltage deflection as expected, but current injection through the
current-injecting electrode caused no visible deflection in the voltage-monitoring electrode.
Immediately following impalement, confirmed visually, a transient negative spike is followed
by a slow sealing event that is characterized by a gradual hyperpolarization to a stable poten-
tial. After impalement, current injection through one barrel of the double barrel micropipette
causes a voltage deflection in the other barrel due to the resistance of the plasma membrane.
This confirmed that the impalement was successful. The response of the cell to changes in pho-
tosynthesis are documented in this experiment. Removal of the pipette from the cell results in
a rapid depolarization to a value similar to what was observed before the cell was impaled



a mesophyll cell of a Ceratopteris richardii gametophyte. In these cells, dye
injected into the cell was distributed throughout the cytoplasm and did not
migrate into adjacent cells, indicating that the impalement was cytoplasmic,
and that cell-to-cell coupling was minimal. Having measured the mesophyll cell
dimensions, the specific resistance could be calculated: about 1.5 kΩ × cm2.

6.5.2 Current–voltage relations

An example of a current-voltage measurement using voltage clamping is shown
in Fig. 6.7, using trunk hyphae of the fungus Neurospora crassa. The measure-
ment illustrates not only the voltage clamp technique, but also the issue of
space clamping. A hyphal compartment was impaled with a double barrel
micropipette, and an adjacent compartment (separated from the first by a sep-
tal pore) was impaled with a single barrel micropipette. Although voltage
fidelity was observed for the voltage clamp in the first compartment, current
leakage through the plasma membrane causes an attenuated voltage clamp in
the second compartment. As a result, the clamping current overestimates the
“real” clamping current in the first compartment. Cable theory can be used to
correct for current attenuation in fungal hyphae (Gradmann et al. 1978).

6.5.3 Cell-to-cell coupling

An example of the use of double barrel micropipettes to measure electrical
coupling through plasmodesmata is shown in Fig. 6.8. The example is adja-
cent root hairs on an Arabidopsis thaliana root. Analogous to fungal hyphae,
electrical connections between cells results in significant current passage into
adjacent cells, resulting in an overestimate of the clamping current in voltage
clamp measurements.

6.6 Summary

Electrophysiological analyses of ion transport in walled cells are essential to
our understanding of the life of the cell. Ion transport plays crucial roles in
regulating the intracellular milieu of the cell, in signal transduction, osmotic
regulation and cellular growth. A detailed characterization of the electrical
properties of the cells relies upon multiple techniques, among them, voltage
clamping is very useful. Voltage clamping with double barrel micropipettes is
especially important given the “physiology problem” associated with patch
clamp measurements on plasmolyzed protoplasts. Technical constraints and
accessibility of the cell make voltage clamping a challenging endeavor, but
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Fig. 6.7. Current–voltage measurement. The example is for a hyphal trunk of the fungus
Neurospora crassa. A schematic of the two impalements, and hyphal geometry are shown in
A. Note the presence of septal pores, which allow for the free movement of cytoplasm between
each hyphal “cell” unit. Voltage clamping using the V1 and I1 microelectrodes was for the range
−300 to −100 mV. The clamp duration was 50 ms, the voltage at V1 and V2, and the clamping
current (I1) were obtained by averaging the last five data samples before the end of the clamp.
Note that the real voltages, rather than the computer specified clamped voltage were measured.
Because of current attenuation as it passes along the hypha, the voltage at V2 was less than the
voltage at V1. Thus space clamping was incomplete. To correct for current attenuation, the
equation Im=I × ln(∆V1/∆V2) was used (Rall 1977), where I is the total current, Im is the cable
corrected current, ∆V1 is the clamped voltage minus the resting potential at V1, and ∆V2 is the
clamped voltage minus the resting potential at V2. The current density, A cm−1 can be calculated
from Im/(2 × ∆x), where ∆x is the distance between the two electrodes (68 µm in this example),
and yields values in the range −0.74 to 0.021 µA cm−1
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Fig. 6.8. Example of cell-to-cell coupling measurement. This example is for two root hairs adja-
cent to each other on a longitudinal file of an Arabidopsis thaliana root. A As marked, cell1 is
impaled with a double-barrel electrode, followed by a separate impalement into cell2. A 5 nA



double barrel micropipettes offer increased technical ease, simplifying the
challenges faced by the researcher when working with intact cells. However,
it should be clear from the examples presented in this chapter that double
barrel micropipettes are not an absolute solution, but instead another step in
our efforts to discover the roles of ion transport in cellular functions.
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