
SSwwiittcchh  MMooddeess  CCoonnddiittiioonnaallllyy
Instantly switch recording modes by using
the membrane potential as the trigger. Pre-
set a voltage threshold in current-clamp
mode, and MultiClamp 700B automatically
switches to voltage-clamp when the
membrane potential reaches that voltage
level.  User-specified delay allows you to
perform creative new experiments.

SSuupppprreessss  OOsscciillllaattiioonnss  
Sudden changes in membrane or pipette
parameters may result in undesirable
oscillations during whole-cell recording.
MultiClamp 700B detects current or voltage
oscillations and automatically disables or
intelligently reduces compensation settings
to protect your cell from damage.

PPrreesseerrvvee  MMeemmbbrraannee  PPootteennttiiaall
Slight voltage drift⎯often due to changing
electrode properties⎯may contaminate an
otherwise decent current-clamp recording.
In order to maintain the membrane
potential at a consistent level, MultiClamp
700B automatically injects compensatory
current over a user-defined time course.
For more information, visit 
www.multiclamp.com.
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eeCCLLAAMMPPTM==  hhEERRGG  SSaaffeettyy
TTeessttiinngg

Pharmaceuticals and CROs (Contract
Research Organizations) across the world
are gearing up for their electrophysiology
labs to be GLP (Good Laboratory Practices)
compliant, as cardiac hERG channel testing
has now become a standard part of drug
safety testing. In conjunction with this, the
US FDA (Food and Drug Administration)
now requires software used in the
production and submission of electronic
data to be validated against their 21 CFR
Part 11 regulations, to ensure data integrity.

Due to very strong demand for such
software from our pCLAMP customer base,
Axon started developing eCLAMP over a
year ago. Recent pharma reviews of
eCLAMP progress have been very positive,
and the software is scheduled to enter into
the beta-test phase in early 2004.

Compliance features include:
• Login/password security based on our 

own User/Group security levels
• Secure audit trail of automatic event 

logging, including user comments
• Report generation and printouts with 

user name/date/time stamps

Usability features include:
• Tracking of solution additions by 

concentration level across multiple 
trials

• Automatic peak detection, peak 
graphing, and EC50 curve fitting

• Organizing data based on over 100 file
attributes (user, solution, cell type, etc.)

To prepare for eCLAMP, your acquisition rig
should be outfitted with a MultiClamp 700
series amplifier, a Digidata 132x digitizer,
and Windows 2000 or XP. Additionally, a
database server (Oracle 9, MS SQL Server,
etc.) needs to either be installed locally or
connected via a network.

EEddiittoorriiaall  IInnffoorrmmaattiioonn::

DDaattaaXXpprreessss®::
OOrrggaanniizzee  aanndd  AAnnaallyyzzee
EElleeccttrroopphhyyssiioollooggyy  DDaattaa

DataXpress is a database and analysis
program designed for Axon's new
generation of automated high-throughput
electrophysiology instruments.  DataXpress
is currently in use with PatchXpress to
organize and analyze the large quantities of
data generated by this revolutionary new
instrument.  In the near future, DataXpress
will also be available as part of eCLAMP,
Axon's new electrophysiology acquisition
and analysis software designed to meet the
file security and audit trail requirements of
FDA 21 CFR part 11.  While files generated
by Clampex can already be imported into
DataXpress, full integration with pCLAMP
will occur with the release of pCLAMP
version 10. 

'Clients' can log onto the DataXpress
database 'server' from other computers and
retrieve files for viewing and analysis using
any of approximately 100 attributes
recognized by the database.  Data can be
retrieved using simple queries⎯for
example, to get the results of the latest
experiments⎯or complex queries, that
might return data according to
combinations of compound, cell type,
target, or cell quality parameters.  For those
who rely on compound well plate
identification to track their compounds, a
convenient graphical interface also allows
subqueries based on well location.  Access
to specific data files and analysis results is
available only to DataXpress users with the
proper permissions.

Once data are selected for a dataset,
individual recordings can be viewed and
prepared for batch processing.  Baseline
drift can be corrected and anomalous
sweeps and spikes removed.  The modified
version of the file then replaces the original
in the dataset, though the original file is not
removed from the database and remains
available as needed.  Batch analysis scripts
are run on the data files within a dataset,
typically taking measurements from
selected sweep regions and processing the
measurements to produce current-voltage,
conductance-voltage, and dose-response
graphs, among others, for each cell or set of
cells tested with the same compound.
Users can: 1) create custom scripts using
the program's Script Editor; 2) use the
Script Editor to modify scripts supplied with
the program; or 3) use Axon's fee-for-script
service.  Selected results can be plotted and
fit with specified functions to obtain values
of interest, such as EC50s and Hill

coefficients.  All analysis results can be
output in the format desired.  For example,
files can be produced in a format ready to
be taken up into a company database or a
layout can be created that prepares results
for printing, with user and date/time
identification automatically appended to all
printouts.  

IInntteeggrraatteedd
IImmaaggiinngg  SSyysstteemmss
BBaasseedd  oonn  IImmaaggiinngg
WWoorrkkbbeenncchh  55

INDEC BioSystems now offers a set of
Integrated Imaging Systems based on the
Imaging Workbench 5 multi-channel
fluorescence acquisition and analysis
software. The systems provide turnkey
solutions for quantification of ion
concentration, dynamic fluorescence,
intrinsic signal,  cell volume activity and
more. The systems allow concurrent
electrophysiology and imaging, and can
integrate a Digidata-pCLAMP environment
into the imaging computer for precise
synchronization and cooperation between
the two applications.

Customers can choose from the best
scientific-grade digital cameras (such as
from PCO/Cooke and Roper Scientific),
wavelength switchers (from TILL Photonics
and Sutter Instruments), and other
supported hardware to configure a system
that is verified at the customer site to meet
all requirements.

For further information on Integrated
Imaging Systems, contact INDEC
BioSystems at
www.imagingworkbench.com, 
email michael@imagingworkbench.com,
or stop by booth 348 at the 2004 Annual
Meeting of the Biophysical Society.

EEddiittoorr
Al Walter, Ph.D.

CCooppyy  EEddiittoorr
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PPrroodduuccttiioonn  CCoooorrddiinnaattoorr
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TThhee  SSeennttrriixxTTMM BBeeaaddCChhiipp::  
RRNNAA  PPrrooffiilliinngg  wwiitthh  IIlllluummiinnaa
FFooccuusseedd  EExxpprreessssiioonn  AArrrraayyss
oonn  GGeenneePPiixx  SSccaannnneerrss

Todd Dickinson, Holly Bennett, Christine King, Wenyi
Feng, Kenneth Kuhn, Chan Tsan, Shawn Baker, Bill
Craumer, Tim McDaniel

IInnttrroodduuccttiioonn
Microarrays have revolutionized the way
researchers study the expression of genes.
Genome-scale studies that were previously
impossible are now routinely performed in
a matter of days. Many biologists have been
able to exploit these technologies to
identify targeted subsets of genes of
interest, and would now benefit from
simpler, more cost-effective methods to
interrogate increasingly higher numbers of
samples. By combining advances in
microfabrication with a completely
different way of building arrays, and using
the GenePix 4000B for imaging, Illumina
has developed the Sentrix™ BeadChip: a
high-performance Array of Arrays® (or
multi-array) expression platform that allows
researchers to study hundreds of genes
across large numbers of samples, quickly
and cost-effectively. 

BBeeaaddAArrrraayy™ TTeecchhnnoollooggyy
At the heart of Illumina expression
products lies a fundamentally different way
of building arrays using random self-
assembly of microspheres into ordered
microwell substrates. The multi-array
substrates contain many thousands of
microscopic wells in an ordered,
addressable pattern. Quantitatively pooled
libraries of beads are then introduced to
the etched microwell substrates and
automatically assemble into the wells,
resulting in the highest-density array
platform currently available.

The BeadChip is a slide-sized array platform
that allows the processing of eight samples
at a time, and is compatible with the
GenePix 4000B and GenePix Professional
4200A scanners.

Each bead in Sentrix arrays contains
multiple copies of covalently-attached
oligonucleotide probes. Up to 1500 unique
probe sequences are represented in each
array, with an average 30-fold redundancy
of each bead type. After bead assembly an
automated hybridization-based procedure
is used to map, or “decode”, the array. The
decoding process determines which bead
type resides in each well, and validates the
performance of each bead array.  

EExxpprreessssiioonn  BBeeaadd  DDeessiiggnn
The oligos attached to the beads contain a
23-base address (used in the
manufacturing decoding process) and a 
50-base gene-specific probe.
Each address and probe sequence
combination has been selected through a
multi-step bioinformatic algorithm
developed by Illumina scientists. A
functional screen in the laboratory helps to
eliminate cross-hybridization. 

SSttaannddaarrdd  PPrroottooccoollss  aanndd  TToooollss
We have adopted a standard assay protocol
for sample preparation and labeling (RNA
isolation, cDNA synthesis, and in vitro
translation), followed by another set of
standard procedures for hybridization.
Typically, as little as 50 ng of total RNA are
required for each sample. An eight-
chamber hybridization cartridge allows
simple, quick hybridization of eight
samples at a time per slide. 

During development, Illumina optimized
the BeadChip protocols using the GenePix
4000B. Illumina software enables
automated data extraction and basic
analysis, and output files can be exported
as required to software for detailed
expression analysis.

AArrrraayy  PPeerrffoorrmmaannccee
Dose response studies have been
performed to characterize array
performance. The BeadChip achieved a
high level of both accuracy and precision in
all studies:

• Limit of Detection (LOD) = 0.15 pM
• Precision < 1.3-fold
• Dynamic Range = 2.8 logs
• Specificity < 1:250,000
• Array-to-Array Variation CV <9%

Multiple control beads on each array allow
the researcher to routinely monitor the
following:

• sample quality
• labeling reaction
• hybridization stringency
• signal generation
• experimental noise
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The BeadChip.
50mer gene-specific probes are attached to beads which are then assembled into the arrays.

1. Each array cluster
contains about 50,000
3-micron beads, or
features, assembled in
dense geometries.

2. Over 1500 probes
or bead types at >30x
average feature
redundancy, are
represented in each
array cluster.

3. Labeled sample
tangents hybridize to
capture probes
immobilised on the
beads.



((SSeennttrriixx  BBeeaaddCChhiipp,,  ccoonntt..))

SSeennttrriixx  AArrrraayy  hhyybbrriiddiizzaattiioonn  vvss..
TTaaqqMMaann® RReeaall--TTiimmee  PPCCRR
An independent measure of relative gene
expression patterns obtained from
Illumina's Sentrix BeadChip platform was
assessed using Applied Biosystems' Assays-
on-DemandTM quantitative PCR gene
expression products. A total of 20 genes
was chosen from a model system
comparing human brain vs. liver
expression. Genes were selected to span
four expression ranges: equivalent
expression, ~2-fold change, ~10-fold
change and ~100-fold change. A scatter
plot of expression values from BeadChip
hybridization and quantitative PCR shows a
strong correlation (r2 > 0.97). In addition,
unlike most array platforms which tend to
exhibit significant compression of fold-
change expression relative to that
measured by quantitative PCR (qPCR), the
slope of 1.055 indicates that the Sentrix
arrays yielded a high degree of accuracy in
measuring changes in expression.

SSuummmmaarryy
Sentrix Multi-Array BeadChips combine
high-quality results with substantially
increased sample throughput, reduced
sample input requirements, and quality
control of every feature in every array.
Expression data obtained on the BeadChip
format show strong correlation with qPCR,
and exhibit outstanding array to array and
batch to batch reproducibility. Visit
www.illumina.com for additional
information.

IIlllluummiinnaa,,  IInncc..
CCuussttoommeerr  SSoolluuttiioonnss
9885 Towne Centre Drive
San Diego, CA 92121-1975
P:  +1 858 202-4566
expression@illumina.com
www.illumina.com

SSeerriiaall  SSiinnggllee--CCeellll
EElleeccttrrooppoorraattiioonn

Jim Rae, Ph.D.
Mayo Clinic
Rochester, MN

IInnttrroodduuccttiioonn
Single-cell electroporation is a modified
patch-clamp technique wherein a pipette
whose tip is filled with a compound of
interest is pressed against the membrane of
a single cell. As the space between the tip
and the cell surface is narrowed, a voltage
divider is created such that a controllable
fraction of the voltage inside the pipette is
applied to the patch of cell membrane near
the cell tip. With sufficient voltage, transient
pores are created in the membrane near
the tip and compounds in the electrode tip
can then move into the cell interior
through the open pores. These compounds
include small dyes, large dextrans, and
genes as large as 12 kb. In less than 24
hours, plasmids inserted into a cell will
often result in the synthesis of the protein
coded by the gene and express in targeted
regions of the cell. This technique is now
well documented1,2,3 and will not be
described in detail here. Early studies
indicated one virtue of the technique was
that it seemed kinder to cells than
microinjection techniques where a
micropipette actually penetrated the cell
membrane. The evidence for this was that
cells that had been electroporated often
went on to divide (usually repeatedly) until
eventually the gene products were no
longer made.

We wondered if it might not be possible to
electroporate the same cell on sequential
days. A protein could be expressed one day,
and a second gene or control molecule
placed in the same cell on subsequent
days. Serial electroporation would allow a
rather large number of interesting single-
cell experiments not possible with other
experimental paradigms. Proof of the
notion's feasibility came from experiments
on tissue culture cells. Cells electroporated
with Clontech's dsRed1 mitochondrial
plasmid were electroporated on the
following day with the sodum salts of Alexa
488 or Alexa 568, small fluorescent dyes
available from Molecular Probes. The
method was a success, as evidenced by the
photo on the cover of AxoBits 39. But could
cells be electroporated on successive days
with 4 to 5 kb plasmids and then express
the encoded proteins?

EExxppeerriimmeennttaall  PPrroocceedduurreess
A beta version of Axon’s AxoporatorTM 800A
was used to achieve single-cell
electroporation of alpha TN4 cells, a lens
epithelial cell line. About 20 cells each, in
several petri dishes, were electroporated
with the dsRed1 mitochondrial plasmid.
Several control cells were left between the
electroporated cells so that gene product
would not be found in adjacent cells the
next day unless the adjacent cells had
come from cell division. To give the cells
the best chance for survival, we used
micropipettes with resistances between 28
and 40 MΩ. This ensured that for the
voltages used, the power dissipated at the
tip was considerably less than 0.6 µW4. For
voltages less than 10 V, it was rare for the
tip to stick to the cell membrane after
electroporation. Such sticking is a common
problem when power dissipation is too
high. 

Micropipettes fabricated by either Corning
Pyrex or Schott worked well (glass tubes
1.65 mm O.D., 1.15 mm I.D.: Corning Pyrex,
part no. 7740; Schott, part no. 8250). Each
had a glass filament fused to its inner wall.
This allowed the tip of the micropipette to
be filled by simply touching a drop (2 µl) of
the desired tip solution to the back of the
micropipette. The rest of the micropipette
was back-filled using a syringe containing a
solution that was identical to the tip-filling
solution except without plasmids. The
micropipettes were pulled with a single-
stage pull so their tips looked much more
like that of an intracellular micropipette
than a patch-clamp microelectrode. Also for
cell survival, the filling solution contained
150 mM K+ methanesulfonate, 5 mM EGTA,
and 5 mM Hepes buffered to pH 7.2. The
solution surrounding the cells was 150 mM
K+ methanesulfonate, 0.15 mM CaCl2, and 
5 mM Hepes at pH 7.4. These solutions
ensure that during electroporation, Na+ and
Ca++ entry into the cell is minimized.
However, this solution bathing the cells is
not a requirement. In point of fact, we have
used standard Na+-containing Ringer
solutions, as well as tissue culture fluids
with success. Minimizing Na+ and Ca++

influxes just seemed like a good idea. 

RReessuullttss
With the above method, it was common for
the number of cells expressing mito-red to
be 1.5 to 2 times the number of cells
actually electroporated. This means, of
course, that most of the electroporated
cells not only expressed the gene, but also
divided overnight (Figure 1). On
subsequent days, the cells were found by
fluorescence microscopy and then re-
electroporated with another gene using
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Comparison of BeadChip expression results to qPCR.
Log-log scatter plots of expression ratios.
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electroporation pulse protocols that we
had previously found to work well for those
particular plasmids. Usually, three
sequential days was the limit. This was not
because the cells died. Rather, most
fluorescent proteins made from the
electroporated plasmids failed to express
and fluoresce for longer than three days.
Mito-red was an exception. It fluoresced for
many days and the number of cells
expressing it increased substantially over a
week. We did not follow it for longer
periods. Figure 2 shows that cells having
two genes expressed following two days of
sequential electroporation (one gene each
day) could also undergo cell division. 

Finally, Figure 3 shows two typical cells with
three fluorescing protein populations
targeted to three different sites in the cell.
In every case, we used a train of rectangular
pulses of 1 ms duration, at 100 Hz for 3 s for
a total pulse on-time of 300 ms. Other
genes might require different timing, but
this protocol works often for lots of
different genes. In Figure 3, the amplitudes

of the pulses were -6.0 V, -7.5 V, and -9.0 V
for the plasmids dsRed1 mitochondria,
EYFP-golgi and ECFP-vimentin, respectively
(all plasmids from Clontech).

These results simply show that serial
electroporation is possible and not
particularly difficult. We have managed to
successfully electroporate three gene
combinations, one plasmid each on
successive days. It is not clear how many
successive days of electroporation of a
single cell might be possible, but the
maximum number will depend heavily on
the particular compounds that one tries to
electroporate. In our studies, the limiting
factor has not been cell death. Rather, it has
been loss of fluorescence from a probe
electroporated on previous days. Serial
electroporation might seem a little tedious,
but it offers enormous experimental
possibilities and so might be a useful
addition to one's experimental expertise.

RReeffeerreenncceess
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EErrrraattuumm
We found a few sign errors in the
"Correction before the experiment (on-line
correction)" section of the Liquid Junction
Potential Corrections article in the printed
AxoBits 39, and in the first posted PDF
version. 

To view the corrected version, please
download AxoBits 39_erratum issue, posted
November 4, 2003 using this link:
www.axon.com/axobits/AxoBits39_erratum.pdf

SSoocciieettyy  ffoorr  NNeeuurroosscciieennccee  ''0033
FFeeeeddbbaacckk  ffrroomm  
ppCCLLAAMMPP  UUsseerrss

At the Society for Neuroscience meeting
researchers working with pCLAMP
generously shared their compliments,
comments and queries with our staff. To
find out what your colleagues requested in
the way of new features, read all about it in
the next monthly issue of Axon's email
newsletter.  If you are not signed up
already, you can do so by filling out the
form available at this link:
www.axon.com/mr_Join_Email_Lists

Thank you to everyone that came by the
booth, and we hope you enjoyed your
commemorative silver-plated Axon 20th

Anniversary letter opener.

Figure 3. Example of successful serial single-cell
electroporation on three consecutive days. The plasmids
used: dsRed1-mito on day one, EYFP-Golgi on day two
and ECFP-vimentin on day three.

Figure 1. Alpha TN4 cells electroporated with mito-red
plasmid. Images were taken two days after the
electroporation. The cells seen came from the division of
the two electroporated cells.

Figure 2. Two alpha TN4 cells in the process of
completing cell division. Each contains the protein
products encoded by ECFP-vimentin and dsRed1-mito
plasmids electroporated into one of the cells on
consecutive days. 

IInntteerreesstteedd  iinn  
HHiigghh--TThhrroouugghhppuutt

EElleeccttrroopphhyyssiioollooggyy??  

Visit our booth (see page 9) at the
Biophysical Society meeting to learn
more about our automated patch-
clamp and oocyte voltage-clamp
systems, PatchXpress and
OpusXpress. Also learn about
DataXpress, our new database and
analysis software package designed
to speed up data processing. Don’t
forget to ask about our affordable
prices.



TThhee  DDyynnaammiicc  CCllaammpp  aa
DDeeccaaddee  AAfftteerr  IIttss  IInnvveennttiioonn

Astrid A. Prinz, Ph.D.
Volen Center and Biology Department
Brandeis University
Waltham, MA

Ten years ago, the dynamic clamp was
introduced as a tool for the simulation of
artificial conductances in biological
neurons1,2. Here, I briefly describe how the
dynamic clamp works and how it can be
used to study the role of membrane or
synaptic conductances in neurons, followed
by a short overview of available dynamic
clamp systems. 

WWhhaatt  iiss  tthhee  ddyynnaammiicc  ccllaammpp??
The dynamic clamp uses a computer to
simulate artificial membrane or synaptic
conductances in biological neurons. During
dynamic clamp operation, the membrane
potential of a neuron is continuously
measured and fed into the computer. The
dynamic clamp program contains a
mathematical model of the conductance to
be simulated and computes the current
that would flow through the conductance
at every time point. This current is injected
into the neuron, and the cycle of
membrane potential measurement, current
computation, and current injection
continues (Figure 1a). 

By mimicking the effects of membrane or
synaptic conductances, the dynamic clamp
generates more physiologically meaningful
stimuli than the traditional methods of
current clamp and voltage clamp. It allows
us to study the effects of a membrane
current or synaptic input in a biological cell
by generating a hybrid system in which the
artificial conductance interacts with the
natural dynamic properties of the neuron.

DDyynnaammiicc  ccllaammpp  aapppplliiccaattiioonnss
The dynamic clamp can be used to mimic
any voltage-dependent conductance that
can be expressed in a mathematical model.
Depending on the type of conductance,
most applications can be grouped in one of
the following categories:

11..  GGeenneerraattiinngg  aarrttiiffiicciiaall  mmeemmbbrraannee
ccoonndduuccttaanncceess..
In its simplest application, the dynamic
clamp can mimic a voltage-independent
conductance, for example a ligand-gated
conductance1 or a leak conductance3. To do
that, the computer simply multiplies the
momentary driving force (difference
between the membrane potential and the
reversal potential of the simulated current)
with the desired conductance value and

outputs the resulting current (Figure 1b).
With voltage-dependent conductances the
computation is more complicated, because
the computer has to continuously solve the
differential equations that describe the
voltage-dependent gating of the
conductance4,5. In most applications of this
type, conductances are added to a neuron,
but if a negative value is chosen for the
conductance, the dynamic clamp can also
be used to subtract a membrane
conductance, thus compensating the effect
of an intrinsic membrane current3.

22..  SSiimmuullaattiinngg  nnaattuurraall  ssttiimmuullii..
The dynamic clamp can mimic natural
conditions6-9 for example, barrages of
synaptic inputs to neurons in silent brain
slices. In this configuration, an artificial
synaptic conductance trace, resulting from
a Poisson train of presynaptic spikes, is
used to compute an artificial synaptic
current from the momentary membrane
potential of the postsynaptic neuron. That
current is continuously injected into the
neuron, and the effect of the artificial input
on the activity of the neuron is assessed.

33..  GGeenneerraattiinngg  aarrttiiffiicciiaall  ssyynnaappsseess..
In a configuration where the dynamic
clamp computer monitors the membrane
potential of several neurons and computes
and injects current through several output
channels, the dynamic clamp can be used
to create artificial chemical or electrotonic
synaptic connections between neurons
that are not connected in vivo, or to modify
the strength or dynamics of existing
synaptic connections10-12 (Figure 1c).

44..  CCoouupplliinngg  ooff  bbiioollooggiiccaall  aanndd  mmooddeell
nneeuurroonnss..
The dynamic clamp can also be used to
create hybrid circuits by coupling model
and biological neurons through artificial
synapses13-15. In this application, the
dynamic clamp computer continuously
solves the differential equations that
describe the model neuron and the
synapses that connect it to the biological
neuron.

AAvvaaiillaabbllee  ddyynnaammiicc  ccllaammpp  ssyysstteemmss
The ideal dynamic-clamp system needs to
fulfill several, at times contradictory,
requirements. While continuously reading
the membrane potential it needs to
compute and output the dynamic-clamp
current with a time resolution high enough
to respond to fast membrane potential
transients and to faithfully mimic fast
dynamics of the modeled conductances. It
should be flexible enough to accommodate
the different dynamic clamp configurations
described above. At the same time it
should be easy to install and handle, even

for naïve users. And finally, it should be
affordable.

Even a decade after the dynamic clamp was
developed, there is currently no system
available that satisfies all these
requirements. Several dynamic clamp
programs that operate under MS Windows
achieve update rates of 2 kHz to 20 kHz,
depending on the computational load of
the dynamic clamp application10,16,17. This is
fast enough for most purposes, but
extremely fast dynamics, such as those of
many sodium currents, can only be
approximated at this rate. In addition, MS
Windows based programs are subject to
interrupts that distribute processor time
among tasks, which can lead to
discontinuities in dynamic clamp operation.

Recently developed dynamic clamp
versions that operate under real-time Linux
avoid this interrupt problem and achieve
update rates of 20 kHz to 50 kHz18-20.
However, the installation and operation of
the real-time operating system requires
considerable expertise and can deter
potential users.

Another approach that achieves update
rates of 20 kHz to 50 kHz is the use of an
embedded processor or digital signal
processor board13, 17, 21, 22. Such real-time
devices can be programmed and controlled
from a host computer with a graphical
programming language and a user-friendly
interface21, but these advantages come at a
high price. The costs for the hardware
component and the necessary drivers and
compilers easily exceed $10,000. In
contrast, MS Windows- and Linux- based
systems usually require an investment of
less than $2,000 because the necessary
software is available for free download from
the developers and the only commercial
component is the data acquisition board.

The MS Windows-based dynamic clamp
described by Pinto et al.10 uses a Digidata
1200 board from Axon Instruments.
Because such boards are commonly used in
many electrophysiology labs, this particular
implementation of the dynamic clamp
could potentially be used by many labs
without any investment that goes beyond a
standard existing electrophysiology setup.

The dynamic clamp can also be
implemented in an analog circuit6. Several
such circuits are commercially available (for
example from Cambridge Conductance,
Cambridge, UK, or Instrutech Corporation,
Port Washington, NY). The advantage of
these hardware devices is their high speed.
Compared to the typical time constants of
membrane and synaptic currents, they
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operate essentially instantaneously.
However, all the currently available analog
devices are fairly inflexible. They were built
for a very specific purpose, like the
injection of a synaptic current into a cell,
but cannot be used for any other dynamic-
clamp application.

Similarly, software-based dynamic-clamp
systems like the ones described above are
usually programmed for a specific
application, and cannot necessarily be used
for other purposes by those who are not
familiar with the programming language. In
this sense, flexibility and easy handling are
contradictory requirements. However,
unlike analog dynamic-clamp circuits,
software-based systems can be modified
for almost any dynamic clamp application
by users with programming skills.

In summary, building a dynamic-clamp
system that fulfills all the requirements
listed above still remains a challenge, but
with several labs working on the task, such
a system will hopefully soon be available. In
the meantime, the best choice among the
currently existing dynamic clamp systems
depends on the requirements of the
particular dynamic clamp task at hand.

CCoonncclluussiioonn
In its first decade, the dynamic clamp has
proven to be a powerful tool and has been
applied to address many different
questions in a variety of preparations.
Dynamic clamp experiments allow unique
combinations of computational models and
living neurons and will continue to further
our understanding of neural systems at the
cellular and network level.

WWeebbssiitteess  wwiitthh  ddyynnaammiicc--ccllaammpp
ssooffttwwaarree  ffoorr  ddoowwnnllooaadd

Neuronal dynamics lab at 
Boston University: 
www.bu.edu/ndl

Butera lab at Georgia Tech: 
www.neuro.gatech.edu/mrci

Reynaldo Pinto, formerly at UCSD: 
www.inls.ucsd.edu/~rpinto
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Figure  1: Dynamic Clamp schematic and examples. (a) Schematic of dynamic-clamp system. The membrane potential V
of a neuron is amplified, then digitized by a computer (ADC = analog-digital conversion). The computer contains a
model of the conductance to be simulated and computes the momentary current using the model equations. The current
command is converted into an analog signal (DAC = digital-analog conversion) and sent back to the amplifier, which
injects the current into the cell. (b) Comparison of voltage traces from a neuron during bath application of GABA (top)
and during dynamic-clamp injection of an artificial GABA conductance (bottom). In both traces, current pulses of -0.5 nA
were applied every 3 s to illustrate the change in input conductance. Adapted from reference1. (c) Voltage and dynamic
clamp current traces from a pyloric dilator (PD) and a lateral pyloric (LP) neuron of the lobster before and after the
dynamic clamp was switched on. The mutually inhibitory synapses are simulated with the dynamic clamp synchronizing
the two neurons in antiphase. Adapted from reference 10. 



MMiiccrrooppiippeetttteess::  
FFaaccttss  ooff  FFaabbrriiccaattiioonn

April Dean
Precision Micro Devices

In the last issue of AxoBits, Allan Bretag
presented an engaging historical
perspective of the ubiquitous glass
micropipette. As a mainstay in the
electrophysiologist's toolbox, it is likely that
at one time or another, micropipettes have
graced the laboratories of most AxoBits
readers.  It is equally likely that the same
readers have found themselves muttering
expletives when unable to produce a
micropipette at some clinch moment.
Indeed, the apparent  simplicity of the glass
micropipette belies the complexity of its
construction.  This note briefly examines
micropipette fabrication processes and
materials with the hope of elucidating the
remarkable nature of the tiny glass tools
that provide us a window into the secret
life of cells.

The earliest glass micropipettes were hand
formed by heating capillary tubing over a
flame, drawing the tubing out gradually,
and then applying a rapid force to the glass
to separate it. This technique, obviously
highly dependent on the skill of the
technician, produced micropipettes with
tip diameters ranging from 0.2 µm to 
1.0 µm1. While the pipettes were useful for
some purposes, the difficulty in controlling
the morphology of the device, let alone the
reproducibility, limited the utility of
micropipettes for intracellular studies. Hand
pulling began to yield to instrumentation in
the 1930’s with the introduction of the 
Du Bois micropipette puller 2. By studying
the hand movements of experts at pulling
micropipettes, the basic requirements for a
mechanized micropipette puller were
developed: 

• a controllable heat source
• a method for clamping the glass 
• a source of tension to pull the glass 
• a technique for removing the glass 

from the heat source or vice-versa

Many designs later, these basic requisites
continue to define the modern
micropipette puller. 

Today’s most sophisticated pullers allow
one to “design” pipettes by
programmatically controlling most of the
above requirements. However, there is a
considerable degree of trial and error
required to derive a set of control
parameters that equate with a desired

pipette morphology.  Control parameters
will typically consist of heat level, a distance
or speed criterion that deactivates the heat
source, and a hard pull phase which
accelerates the glass. Additionally, an active
cooling system may be implemented to
provide a means of rapidly cooling the
glass. 

When heated and pulled, glass tubing will
eventually separate at a point when the
tensile forces applied to the tube exceed
the cohesive forces within the glass. Bonds
in glass exhibit a range of strengths which
are dependent on glass composition and
glass temperature. As a result, glass softens
gradually as it heats. This relationship
between glass temperature and its
resistance to flow is described in terms of
viscosity. Controlling glass viscosity and
hence controlling the factors that affect the
glass temperature during the pulling
process are crucial for micropipette
fabrication. Ambient room temperature
and humidity can have a dramatic effect on
the rate of heat transfer from the glass
during the cooling phase of the pulling
process. The tighter the control of these
conditions, the better the pipette
reproducibility. 

A general rule of thumb when pulling
micropipettes is that the hotter the glass,
the longer the tapering region of the
pipette, and the smaller the tip diameter
(both of which equate with higher
resistance in the case of micropipettes).
Likewise, the higher the tension applied to
the glass during the pulling phase, the
longer the taper and the smaller the tip
diameter. In the case of patch pipettes
where a low resistance electrode is
desirable, a large tip and a rapid taper are
necessary. As discussed by Brown and
Flaming 3, this can be achieved by reducing
the glass temperature and pulling velocity
during tip formation to allow increased
time for surface tension forces to attenuate
the glass. Multistage pulling consisting of
two or more heating/cooling cycles is a
standard technique for attaining these
requirements.

Although the microtool requirements for
electrophysiology experiments can
frequently be met with an appropriately
designed pipette fresh off the puller, there
are numerous techniques that require
further processing of a micropipette prior
to its use. To name a few: 

• “Polishing” the tip of a micropipette 
by subjecting it to localized heat 
smoothes and thickens the pipette 
tip which can lead to a superior 
membrane seal. Pressure polishing is 

a variation used to modify the taper 
geometry of patch pipettes and, 
thereby, lower their series resistance4

• Beveling micropipettes improves 
both fluid flow and membrane 
penetration5

• “Spiking” a pipette adds a minute 
spearlike formation at the tip of the 
pipette to enhance membrane 
penetration when large (>10 µm) 
pipettes are required, as for 
microinjection of large constructs 
such as gametes or stem cells. 

Additionally, micropipettes may need to be
cut at a controlled diameter, partially fused,
attenuated, or bent at various points along
their lengths, depending on the
application.  All of these additional features
require separate and dedicated
instrumentation, and the techniques are for
the most part manual, labor intensive, and
highly dependent on the operator’s skill. 

When designing an experiment utilizing
micropipettes, one should carefully
consider the chemical composition and
dimensions of the glass capillaries to be
used as these profoundly influence
micropipette morphology. No less
profound is the influence the pipette may
have on a particular experimental design
because of its chemical and morphological
characteristics. 

Silicon dioxide forms the largest
percentage of the mixtures used to
manufacture scientific capillary tubing.
Adding various modifiers such as oxides of
boron, sodium, alumina and other
compounds to SiO2 lowers the temperature
at which the glass will melt and confers
distinct material properties to each
formulation. Softening point, optical
transmission, loss tangent and chemical
durability are but a few of the properties
that may need to be considered. Keep in
mind that modifiers in the glass may leach
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out of the glass and have an effect on the
experiment6. Rae and Levis7,8 offer an
excellent review of common glasses used in
electrophysiology experiments. 
The primary manufacturers of raw tubing
preforms are Corning, Schott, and Kimble.
Preforms are redrawn by glass fabricators
into capillary tubing and either sold directly
or through distributors. Most literature
citations reference capillary tubing by a
distributor’s catalog number rather than by
the glass manufacturer code. It is wise to
cross reference a catalog number with a
manufacturer code to be sure of the glass
you are obtaining and use the same glass
for the duration of your experiments.
Different manufacturers’ formulations can
have vastly different material properties,
even though they may categorically be the
same (e.g., not all borosilicates are created
equal). 

High quality capillary tubing, controlled
environmental conditions and
sophisticated micropipette fabrication
instrumentation can often provide the
investigator with a ready and reliable
source of micropipettes. However, certain
glass compositions and pipette
morphologies can be difficult, if not
impossible, to fabricate. In those cases, it
may be cost effective to consider the
services of a vendor with expertise in
micropipette fabrication, capable of
providing high-quality customized
micropipettes. 

Precision Micro Devices, LLC, an affiliate of 
Sutter Instrument Co. 
www.precisionmicrodevices.com
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PPrreeppaarriinngg  ppCCLLAAMMPP  FFiigguurreess  
ffoorr  PPuubblliiccaattiioonn

QQuueessttiioonn
How can I edit individual components of
figures from pCLAMP? 

AAnnsswweerr
pCLAMP has a fair amount of control over
the look of a window, via the Window
Properties commands, and further through
the Layout Window drawing controls.
However, when you copy and paste a figure
into a third-party program, you often desire
finer control over how the final figure will
look in your presentation or paper. While
drawing programs such as Corel Draw work
fairly well, a simple procedure will give you
total control over all components, as
described here for Microsoft PowerPoint.

1. From a Clampfit Graph or Layout 
window, choose Edit/Copy; from an 
Analysis window, choose Edit/Copy/
Copy Analysis Window to clipboard as 
a Metafile. 

2. Go to the target application and 
choose Edit/Paste Special/Picture 
(Enhanced metafile). If not available, 
just use Edit/Paste. 

3. Right click on the pasted figure, and 
choose Grouping/Ungroup. 
PowerPoint will further prompt you 
with "This is an imported picture, not a
group. Do you want to convert it to a 
Microsoft Office drawing object?" 
Choose YES. Portions of the figure will 
be outlined with selection boxes. 
Again, right-click on another 
unselected area of the figure, such as 
an axis, and again choose Grouping / 
Ungroup. A second set of selection 
boxes will outline other portions of the
figure. (Earlier PowerPoint versions 
may ungroup all portions of the figure 
in a single step.) You should now have 
complete control over re-formatting or
deleting any detail of the figure that 
you desire. 

4. To lock all of the individual objects 
back together into a single figure, for 
moving, resizing or copying, select the 
entire figure, right click on a 
component and choose Grouping/
Regroup. Repeat this procedure until 
there are no more components to 
regroup. 

AxoBits 40  • www.axon.com  • 9

TOOL TIPS

QQuueessttiioonnss??

AAxxoonn’’ss  KKnnoowwlleeddggee  BBaassee  
hhaass  tthhee  aannsswweerrss!!

wwwwww..ssuuppppoorrtt..aaxxoonn..ccoomm

WWhheerree  wwee’’llll  bbee::

BBiioopphhyyssiiccaall  SSoocciieettyy
Baltimore, MD   -   February 14-18, 2004 

AAmmeerriiccaann  AAssssoocciiaattiioonn  ffoorr  
CCaanncceerr  RReesseeaarrcchh    ((AAAACCRR))

Orlando, FL   -   March 27-31, 2004

FFEENNSS  
((FFeeddeerraattiioonn  ooff  EEuurrooppeeaann  
NNeeuurroosscciieennccee  SSoocciieettiieess))

Lisbon, Portugal   -   July 10-14, 2004



UUssiinngg  tthhee  TTwwoo--SSaammppllee  
tt--TTeesstt  iinn  AAccuuiittyy  ttoo  FFiinndd
DDiiffffeerreennttiiaallllyy  EExxpprreesssseedd
SSuubbssttaanncceess
Student’s t-Test as implemented in Acuity
compares the means of substances in two
groups of microarrays. It tests the null
hypothesis:

• The substance is not differentially 
expressed between two groups of 
arrays, i.e. there is no difference in 
the substance’s mean expression 
between two groups of arrays.

The p-value is the probability that the null
hypothesis is true. A low p-value, therefore,
suggests that the substance is differentially
expressed.

Student’s t-Test compares the variation
between the groups (i.e. the differences in
their means) with the variation within the
groups. This means that substances will
have lower p-values if they satisfy two
conditions:

• They have different means between 
the two groups;

• They have similar values or low 
standard deviation within each 
group. 

On the demo Acuity dataset, for example,
when we look at the Parameters tab, we
notice that the glucose level in the

experiment decreases dramatically
between time points 5 and 6. To find
substances whose expression is correlated
with these changes in glucose levels, we
can use the t-Test to compare the first five
microarrays with the last two.  The 30
substances that score most highly (i.e. that
have the lowest p-values) satisfy the two
conditions mentioned above: their means
are very different between the two groups,
and within each group their values are very
similar (standard deviation is low). If we
plot substance expression profiles on the
Graph tab we get  the group as seen in
Figure 1.

If we look at the substances that have the
lowest p-values between the first four
microarrays and the last three, we get a
very different group, as seen in Figure 2.

Note, however, that the substances satisfy
the same general requirements: within-
group uniformity, between-group
difference. 

Note also that the substances in this
second case are expressed at quite low
levels, most of them show less than two-
fold change. One of the benefits of t-Tests
over fold-change tests, for example, is that
they identify substances with small but
significant changes in expression. 

In a time course experiment, therefore, the
t-Test is useful for finding substances that
are differentially expressed between two
different time points, where each time

point is represented by a number of
microarrays (replicates). Where you do not
have replicates, as in the examples above,
you can find substances that are
differentially expressed between sets of
time points. t-Tests are not useful for
answering the general question, “In a time
course experiment, which substances are
differentially expressed?” as this question
does not specify two groups of microarrays.

In an experiment where the microarrays are
from two different experimental conditions,
however, the t-Test can be extremely useful
for identifying substances that are
differentially expressed between the
conditions. The two conditions naturally
define two groups of microarrays, and the
t-Test will identify substances that have
similar expression levels within each group,
and different mean levels between the
groups.
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FFoorr  mmoorree  AAccuuiittyy  ttooooll  ttiippss,,  sseeee
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ppaaggeess..
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Ph: +41 61-269-1111
Fax: +41 61-269-1112
Email: info@bucher.ch
Web: www.bucher.ch

The Netherlands, Luxembourg, Denmark,
Norway, Sweden, Finland, Iceland
Westburg B.V.
Arnhemseweg 87
P.O. Box 214
3830 AE Leusden, The Netherlands
Ph: +31 33-495-0094
Fax: + 31 33-495-1222
Email: info@westburg.nl
Web: www.westburg.nl

United Kingdom, Ireland
GRI Ltd.
Gene House
Queenborough Lane, Rayne, Braintree
Essex  CM7 8TF
United Kingdom
Ph: +44 1376-332900
Fax: +44 1376-344724
Email: gri@gri.co.uk
Web: www.gri.co.uk

United States
Axon Instruments, Inc.
In the U.S., all sales are directly from Axon
Instruments. All prices are stated and must 
be paid in U.S. dollars (US$). FOB Factory,
California, U.S.A. All prices are subject to
change without notice.

3280 Whipple Road, Union City, CA 94587 USA  Phone: +1 (510) 675-6200  Fax: +1 (510) 675-6300   Email: axonsales@axon.com  © Copyright, 2004   Axon Instruments, Inc.

www.axon.com
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