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Liquid junction potentials (LJPs) arise between two different solutions when the
two solutions:

• are in contact, 
• have ions present at different concentrations , and 
• contain ions of different mobilities.

This article presents an overview of liquid junction potentials and discusses their
measurement and calculation using Clampex’s Junction Potential Calculator. In
order to qualitatively understand liquid junction potentials, imagine a patch
pipette in contact with a bath solution:

• the pipette contains unbuffered 100 mM NaCl solution 
• the bath solution is unbuffered 10 mM NaCl solution.  

The solutions contain ions at different concentrations, and sodium and chloride
have different mobilities (chloride mobility is significantly greater than that of
sodium). When the patch pipette comes into contact with the bath solution,
sodium and chloride ions move down their concentration gradients—in this case
from the pipette into the bath. The chloride ions move faster than the sodium
ions. As the negative chloride ions move ahead of the positive sodium ions, a
potential difference is set up, making the bath negative with respect to the pipette.
The electric field slows the chloride ions and accelerates the sodium ions till they
both move at the same rate, but the initial advantage that the chloride ions had is
maintained. Provided the pipette is of reasonable volume and its tip not too large,
the potential difference between the solutions—the liquid junction potential—
remains steady.  

By convention (a convention maintained in Clampex’s Junction Potential
Calculator) LJPs are in the direction of the bath with respect to the pipette. In the
example above, the bath is negative with respect to the pipette. Note, however,
that when the junction potential is measured by an amplifier attached to the
pipette, the pipette would be positive with respect to the bath. 

The magnitude of the junction potential depends on the ions present in the pipette
and bath solutions, together with their relative concentrations, valencies and
mobilities. In some cases, the junction potential is small and can be ignored. 

In most cases however, command voltages in voltage clamp or measured
voltages in current clamp need to be corrected.  The confusing part is
determining the sign of the correction. This is where the Junction Potential
Calculator is helpful, because it automatically indicates how the correction should
be applied (see the example in Figure 1).

Most patch clamp experiments need to correct for liquid junction potentials.
When the recording pipette is first inserted in the bath, there are voltage offsets
that are corrected by the amplifier when the current is zeroed (i.e., in voltage-
clamp mode). The offsets consist of liquid junction potentials and potential
differences between solid electrodes and the solutions they are in contact with
(the “electrode” or “half-cell” potentials). The half-cell potentials of two Ag/AgCl
wires can contribute large offsets if they are immersed in solutions with widely
different chloride activities. Provided the electrodes are not in contact with the
solutions directly (e.g., through an agar bridge), the electrode offsets will be
constant and, once the amplifier current is zeroed, will not need any further
correction. However, when the Ag/AgCl electrodes are in direct contact with the
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bath solution, if the bath composition is changed, the change in the ground
electrode voltage offset needs to be corrected for (this is accomplished in the
Junction Potential Calculator). Regardless of the Ag/AgCl electrode configuration,
liquid junction potentials must be corrected for when determining membrane
potentials. Note that liquid junction potentials should not be confused with tip
potentials.  The latter occur with high-resistance electrodes and are thought to be
related to the chemical composition of the glass.  For more on tip potentials,
consult the monograph by Purves (1981).

After achieving a high-resistance seal (“gigaseal”) with the membrane, the pipette
solution is effectively no longer in direct contact with the bath solution, thus, its
liquid junction potential disappears, but its compensating amplifier offset
remains.

In summary, using the Pipette Offset control to zero the output (voltage or current)
is done with the pipette in the bath solution. At this point, all offsets are balanced
by compensatory amplifier offsets. Most of these offsets are constant throughout
the experiment and need not be considered further. Remember that the amplifier-
zeroing procedure done with the pipette in the bath balances the pipette junction
potential with an amplifier offset of opposite sign. After patching (going into the
“gigaseal” configuration) the pipette liquid junction potential disappears, so we
now have an unbalanced amplifier offset of equal magnitude but opposite sign.

EExxaammppllee::
In the following sections, as in Figure 1, we consider a bath solution consisting
of: 

• 140 mM NaCl
• 2.8 mM KCl
• 2 mM MgCl2
• 1 mM CaCl2
• 10 mM HEPES 
• titrated to pH 7.4 with NaOH

The pipette solution in the experiment contains: 
• 145 mM K-gluconate
• 8 mM NaCl
• 1 mM MgCl2
• 10 mM HEPES 
• titrated to pH 7.4 with NaOH. 

The titration will add about 5 mM free HEPES– and 5 mM Na+ to each 
solution.  

From a qualitative standpoint, we need only consider the most abundant ions,
NaCl in the bath and K-gluconate in the pipette. Among the anions, Cl– will be
more mobile than gluconate in moving into the pipette and K+ will move more
quickly than Na+. Both of these mobility discrepancies have the effect of making
the bath more positive than the pipette. Quantitatively, there are two ways to
determine the value of the LJP.  It can be calculated or it can be experimentally
determined.  

EExxppeerriimmeennttaall ddeetteerrmmiinnaattiioonn ooff LLJJPP
Fill a recording pipette with the K-gluconate solution. Fill the bath with the same
K-gluconate solution. It is crucial that the reference electrode be a 2 to 3 M KCl
microelectrode or a 2 to 3 M KCl agar bridge, which you can keep replacing as
needed. K+ and Cl– ions have similar mobilities, and at such high concentration
dominate the LJP at the reference to bath junction. Therefore, this junction has an
LJP close to 0 mV. On the amplifier, select I=0 mode (current clamp mode with
no commands). Use the pipette offset potentiometer to zero the voltage read on
the meter. Change the bath solution to the NaCl-containing solution. If using a
KCl agar bridge, replace the bridge with a fresh one. Read the voltage on the
meter.  It will be a negative number (around –15 mV). Because, by convention,

the LJP is taken as the bath potential relative to pipette, it is the negative of this
value, +15 mV (the amplifier measures the pipette potential relative to the bath).
Finally, place the K-gluconate solution in the bath.  Use a fresh KCl agar bridge.
Now the meter should read 0 mV. We do not generally recommend determining
the LJP experimentally because of problems with KCl reference electrodes (Barry
and Diamond, 1970), and because even if everything is done carefully there is
still a correction at the KCl microelectrode to bath interfaces that needs to be
taken into account (Barry and Lynch, 1991). It is true, however, that these
corrections are normally relatively small and can be estimated with the Junction
Potential Calculator. But in spite of our general recommendation against
measuring LJPs, in cases where major ion mobilities are not known or cannot be
estimated, or in order to provide a check on the accuracy of a calculated LJP
value, experimental measurement is necessary.

CCaallccuullaattiioonn ooff LLJJPP uussiinngg tthhee CCllaammppeexx JJuunnccttiioonn PPootteennttiiaall CCaallccuullaattoorr
The second option is to calculate the LJP using a generalized version of the
Henderson equation (Barry and Lynch, 1991; see also Barry, 1994). JPCalc
software, developed by Peter Barry (see reference list for details), is one such
calculator. Although JPCalc was designed to be stand-alone software, it is
incorporated into Clampex (versions 7 and up). The following example uses the
Junction Potential Calculator in Clampex 9.

1.  Select Tools / Junction Potential.
2.  Click on NNeeww EExxppeerriimmeenntt.
3.  Select Patch-clamp measurements.

Click NNeexxtt.
4.  Select Whole-cell measurements.  

Click NNeexxtt.
5.  Select standard salt-solution 

electrode.  Click NNeexxtt.
6.  Enter the temperature (e.g., 20oC). 

Click NNeexxtt twice,  then FFiinniisshh.
7.  Click on the AAdddd button to add 

ions to the pipette  and bath 
solutions.

The calculator gives a value of +15.6 mV for the LJP in this situation (see Figure
1). This value is always independent of the type of experiment. Because of the
large mobility difference among the most abundant ions, the LJP is large. Note
that the contribution of the free HEPES- ion and the Na+ from the NaOH was taken
as about 5 mM each, which is about what is required to get a pH of 7.4 (see note
about IIoonn CCoonncceennttrraattiioonnss aanndd AAccttiivviittiieess near the end of this article).

Now that the LJP has been determined, we have to decide how to correct for the
error. Two methods can be used: the correction is performed either before or after
the experiment.  For voltage clamp, all commands need to be corrected. For
current clamp, all recorded potentials need to be adjusted. 

Correction of the LJP before the experiment should only be done in those
circumstances where the bath solution is not going to be changed. If you intend
to change the ionic composition of the bath solution during the course of the
experiment, then the correction for the LJP should always be done after the
experiment. The advantage of postexperiment correction is also that if a
calculation or application mistake is made, it is easier to trace and correct than if
correction was done before the experiment.

The Junction Potential Calculator in Clampex is very helpful in determining the
LJP correction for a variety of experimental setups. The discussion below is
designed to provide intuitive recipes to perform voltage correction. Once you are
comfortable with the sign conventions, we recommend that the LJP calculator be
used to provide the values and signs of the correction.
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CCoorrrreeccttiioonn bbeeffoorree tthhee eexxppeerriimmeenntt ((oonn-lliinnee ccoorrrreeccttiioonn))
Provided the bath solution is not going to be changed, corrections for LJP errors
can be done before the experiment begins using either the amplifier or the
acquisition software. The aim is to perform all LJP corrections at the start of the
experiment so that there is no need for further adjustments to the recorded data.
In the following examples we will use techniques that are applicable to Axon
products such as the Axopatch and MultiClamp amplifiers in conjunction with
Clampex. These techniques should be generally applicable to any combination of
hardware and software.

Voltage CClamp 
We will consider a few of the many ways that corrections may be done.

UUssiinngg tthhee aammpplliiffiieerr
Using the example above with a NaCl-based bath and a K-gluconate-based
pipette solution, we calculate the LJP to be +15.6 mV (because of convention,
the sign is positive). With the pipette in the bath, use the pipette offset to null the
output as usual (using the Pipette Offset feature on the amplifier). The LJP is then
corrected for by applying a constant holding command of +15.6 mV (on an
Axopatch by using the Holding Command potentiometer on the front panel; in the
MultiClamp Commander by typing the value in the Holding field in the V-Clamp
tab). Note that this command may be applied at any time, before or after gigaseal
formation. The holding command of +15.6 mV is maintained throughout the
experiment. This scenario, therefore, assumes that all subsequent voltage
commands will be delivered using the software, so that the software command
and the amplifier’s holding command will be added together.

NNOOTTEE:: Command voltages are often monitored by using a dedicated output on
the amplifier. The drawback of the procedure described above for on-line LJP
correction is that if the voltage command is monitored using these outputs from
the amplifiers, the monitored command value will be offset incorrectly by +15.6
mV, since all commands are additive on Axon amplifier outputs. The command
voltage specified in the software should be taken as the accurate Vm command.  

Alternatively, the LJP can be corrected using the Pipette Offset potentiometer of
the amplifier. With the pipette in the bath, the pipette offset is nulled as usual (see
above). In voltage-clamp mode, a holding command of -15.6 mV is applied. This
will give rise to an offset current. The Pipette Offset potentiometer is adjusted
again to zero the resulting offset. Now reset the Holding Command on the
amplifier back to zero. We are essentially using the Pipette Offset to deliver the 
-15.6 mV offset necessary to correct for the LJP.  Once this adjustment is done,
the voltage or current commands can be delivered using either the Holding
Command potentiometer on the amplifier or by using the acquisition software. 

The methods just described apply constant commands to the pipette. If the
resistance of the electrode is low, these commands can generate large current
offsets that in some situations saturate the output of the amplifier. If you plan to
use low-resistance electrodes, you should consider an alternate method for LJP
correction.

UUssiinngg CCllaammppeexx
This technique is very similar to the Pipette Offset strategy described above. Use
Clampex to apply a holding command of -15.6 mV with the amplifier in voltage
clamp mode. This can be achieved by setting the command potential from the
Real Time Controls panel or by setting a constant command in the Protocol Editor.
On an Axopatch, use the Pipette Offset potentiometer to null the resulting current.
Using the MultiClamp, zero the output current by using the Auto Pipette Offset
button. Switch off the -15.6 mV command from Clampex and load any protocol.
From this point forward, no further corrections are necessary in the software since
the LJP correction is delivered by the Pipette Offset circuitry of the amplifier.
Another, but more cumbersome, approach involves manually correcting all step
commands in a protocol by adding +15.6 mV to their value.

Current CClamp
In Current Clamp mode, the zeroing performed with the pipette in the bath affects
the recorded voltages (not the command current). In this case, the best
approaches are to use the Pipette Offset method or to offset the output by the LJP.
Both are described in the discussion that follows.

UUssiinngg tthhee aammpplliiffiieerr
After zeroing any offsets with the pipette in the bath, adjust the pipette offset until
a value of +15.6 mV is read on the meter. On the Axopatch, turn the Pipette
Offset potentiometer until the meter reads +15.6 mV; on the MultiClamp, use the
Pipette Offset slider. This value will be automatically subtracted from the recorded
voltage (from the Scaled Output).

UUssiinngg CCllaammppeexx
We need to perform the correction in the Lab Bench dialog box that has been set
up for a current clamp experiment.  First, note the signal name in Clampex that is
recording the membrane voltage. Then open the Lab Bench and with that signal
selected, enter +15.6 mV in the Offset text box.

The experimental configuration does not matter. All examples above apply
whether the experiment involves cell-attached or whole-cell patches. From the
amplifier’s perspective, the orientation of the membrane is irrelevant. However, it
is important to restate that LJP corrections made before the experiment are only
valid if there are no changes in the ionic composition of the bathing solution
during the course of the experiment. 

CCoorrrreeccttiioonn aafftteerr tthhee eexxppeerriimmeenntt ((aa ppoosstteerriioorrii ccoorrrreeccttiioonn))
If the bathing solution is to be changed during the experiment, then the correction
for LJP mmuusstt be done aafftteerr the experiment. When correcting for the LJP after the
experiment, it is necessary to take into account the experimental configuration.
This is because of the sign convention for membrane potential, which is
expressed relative to the inside of the cell. For example, outside-out and inside-
out patches at the same membrane potential require command potentials from the
headstage that are opposite in sign. The Junction Potential Calculator takes
information from the user about which experimental configuration is being used
and indicates in each case exactly how to correct for the LJP.

Voltage cclamp
OOuuttssiiddee-oouutt aanndd wwhhoollee-cceellll ccoonnffiigguurraattiioonnss
In both of these cases, the correction is the same.  The value of the LJP needs to
be subtracted from all command voltages:
Vm = Vcmd – LJP 
(Vm =  Vp –  VL) in the Junction Potential Calculator 

where Vcmd represents the voltage command delivered by the software. For
example, if the software was delivering a constant holding command of –50 mV,
the true holding command using the solutions from our example is –65.6 mV.

IInnssiiddee-oouutt ccoonnffiigguurraattiioonn
In this configuration, the membrane orientation is inverted and so the signs are
inverted:
Vm = –Vcmd + LJP 
[Vm =  –(Vp –  VL) =  –Vp +  VL in the Junction Potential Calculator].

CCeellll-aattttaacchheedd ccoonnffiigguurraattiioonn
With the pipette attached to the cell, we are in a situation that is topologically
identical to the inside-out configuration.  However, because the intracellular
solution is of unknown ionic composition, it will contribute an additional unknown
quantity—the cell’s own resting potential (RMP):
Vm = –Vcmd + LJP + RMP
(Vm =  –Vp +  VL +  Vc in the Junction Potential Calculator).
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Current cclamp
Current clamping is typically performed in whole-cell configurations.  In this
case, the LJP needs to be subtracted from the measured voltages:
Vm = Vrec – LJP 
(Vm =  Vp –  VL in the Junction Potential Calculator) where Vrec is the

measured voltage, typically from the Scaled Output of the amplifier.

IIoonn CCoonncceennttrraattiioonnss aanndd AAccttiivviittiieess
It should be noted that only the free ionic concentration (or activity) values should
be used in the program to calculate liquid junction potentials.  This is especially
important for ions which are not fully dissociated in the solution.  Ideally, activity
values should be used, but provided the total ionic strength of the solutions is
about the same, concentration values are quite adequate.  For further details, see
website below.

Other LLiquid JJunction PPotential IInformation

Additional MMobility VValues
For additional mobility values and other information about liquid junction potential
corrections, see website: www.med.unsw.edu.au/PHBSoft/mobility_listings.htm.
These values are periodically updated, as information about new ions becomes
available.

Do you want to access additional (and new) ion mobility tables and useful
references?  
Do you want to know how to determine ion mobility values from conductivity
measurements?  
Do you want to know to what extent ions contribute to liquid junction potentials
and whether non-electrolytes need to be considered?  
Do you want to know the principles underlying a priori junction potential
corrections?  
Would you like to download a pdf copy of a separate extended Users’ Manual for
the Liquid Junction Potential Calculator in pCLAMP or the stand-alone JPCalcW,
in addition to the on-line help?  

If the answer is “yes”, or if you would like more information about the Liquid
Junction Potential Calculator program for calculating and correcting liquid
junction potentials and related topics, then go to:
www.med.unsw.edu.au/PHBSoft/LJP_Calculator.htm.
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Further rreading:
Every book on practical electrophysiology contains at least a few paragraphs
regarding LJPs.  The best reviews on the subject are from Erwin Neher and Peter
Barry.
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