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Abstract Electroporation is becoming more popular as a
technique for transfecting neurons within intact tissues.
One of the advantages of electroporation over other
transfection techniques is the ability to precisely target an
area for transfection. Here we highlight this advantage by
describing methods to restrict transfection to either a
single cell, clusters of cells, or to include large portions of
the brain of the intact Xenopus tadpole. Electroporation
is also an effective means of gene delivery in the retina. We
have developed these techniques to examine the effects of
regulated gene expression on various neuronal properties,
including structural plasticity and synaptic transmission.
Restriction of transfection to individual cells aids in imaging of neuronal morphology, while bulk cell transfection allows examination of the affects of gene expression
on populations of cells by biochemical assays, imaging,
and electrophysiological recording.
Key words electroporation ¡ synaptic plasticity ¡
transfection ¡ functional genomics ¡ neuronal imaging

Introduction
The rapid identification of novel genes from large-scale sequencing projects and expression assays has far outpaced
research to decipher each gene’s function. Elucidation of
the role of genes in cellular processes requires techniques
for spatial and temporal control of gene expression combined with assays of gene function. While transgenic approaches have been fruitful, creating transgenic organisms is time-consuming, expensive, and is limited to a few
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species. Acute transfection-mediated gene expression
provides an alternative method for rapid gene delivery. In
the field of neuroscience, gene delivery within intact
tissues has most often been performed by infection with
recombinant virus, lipofection, or gene gun biolistics.
More recently, electroporation has proven to be a versatile
method with superior properties and higher transfection
efficiencies (Muramatsu et al., 1997; 1998; Itasaki et al.,
1999; Inoue and Krumlauf, 2001). Electroporation is particularly favorable since it can be used to deliver a variety
of macromolecules in addition to DNA and is able to cotransport multiple genes carried by independent plasmids
into the same cells (Itasaki et al., 1999; Haas et al., 2001).
Electroporation delivers DNA without leaving residual
delivery agents which may confound experiments or cause
cell damage.
The relatively limited application of electroporation
to neurons in vivo has been due, in part, to challenges
associated with targeting specific cell populations within
intact animals. This problem was first addressed in the
chick embryo by controlling the extent of tissue exposed
to exogenous DNA and the applied electric field (Muramatsu et al., 1997). The DNA was compartmentalized
by injecting a solution of DNA into the lumen of the
neural tube. The area of tissue exposed to the electric
field was controlled by the size of parallel electrodes
placed on either side of the tube. Stimulation parameters, including the size and duration of the applied
field, are important variables in controlling the number
of cells transfected, while the polarity of pulses can be
used to restrict transfection to one side of the adjacent
neural tube (Briscoe et al., 2000; Manzanares et al.,
2000). During stimulation, the negatively charged DNA
is attracted to the positive electrode and is electrophoretically driven through the lumen wall into the neural
tube tissue. Delivering pulses of alternating polarities
transfects cells on both sides of the neural tube.
A further advantage of electroporation is its lack of
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selectivity for species, cell type, or maturational stage.
Bulk electroporation techniques have been used for
widespread delivery in Drosophila (Kamdar et al., 1995),
zebrafish (Buono et al., 1992), Xenopus (Eide et al.,
2000; Foa et al., 2001), chick (Yasuda et al., 2000; Yasugi
and Nakamura, 2000; Swartz et al., 2001), and mouse
embryos (Akamatsu et al., 1999; Miyasaka et al., 1999).
For example, bulk neuronal electroporation in vivo has
been very effective in the study of pattern formation in
the development of neural tissues by the misexpression
of, or interference with, regulatory cues (Sharma et al.,
1998; Araki et al., 1999; Briscoe et al., 2000; KoshibaTakeuchi et al., 2000; Watanabe and Nakamura 2000;
Inoue et al., 2001).
In our laboratory, we use electroporation to examine
the function of genes in the morphological and electrophysiological development of neurons in the Xenopus laevis tadpole brain. By adapting techniques worked out
in the chick embryo and by devising new delivery
methods, we have been able to control electroporative
transfection in the Xenopus brain to small or large brain
regions, or to individual cells. In general, we employ two
distinct transfection strategies: one to maximize the
numbers of neurons transfected in a specific brain region
or throughout the brain, and an opposing strategy designed to restrict transfection to a single neuron.

Whole-brain electroporation in the albino
Xenopus laevis tadpole
Bulk transfection is often preferred for use in gene expression assays that require large numbers of cells, such
as biochemical assays of cell homogenates, immunostaining, and gene chip assays. In addition, effects of
gene expression may only be observable in a small fraction of transfected cells. For example, widespread expression in a heterogeneous cell population may be required to detect phenotypic changes in a small fraction
of transfected neurons. Bulk transfection is also effective
when examining the electrophysiological affects of altered gene expression since it provides a large population
of potential cells to sample.
DNA purification is a major factor in successful electroporation and expression levels. We have found that
the removal of endotoxins using EndoFree Plasmid
Maxi Kit (Qiagen) increases transfection efficiency. We
have found little effect of varying the composition of the
solution in which the DNA is dissolved. DNA diluted
in dH2O, 20 – 200 mM NaCl or 2 mM CaCl2 had no
observable effect on transfection rate. Therefore, we typically dilute DNA in dH2O. The concentration of DNA
in the pipette solution in the range of 0.5 to 2 mg/ml
yields high transfection rates. Transfection efficiency is
tested by electroporating a vector containing the gene
for green fluorescent protein (GFP) driven by a strong
CMV promoter (pEGFP, Clontech Laboratories, Palo

Alto, CA). Stage 44 – 48 albino Xenopus laevis tadpoles
are anesthetized with 0.02 % 3-aminobenzoic acid ethyl
ester (MS222, Sigma) in Steinberg’s solution (pH 7.4)
and placed on a moistened Kimwipe on the stage of a
dissecting microscope. A micropipette containing a solution of plasmid DNA is inserted into the brain ventricle,
and approximately 75 – 125 nl of DNA solution is pressure injected using a picospritzer (Picospritzer II, General
Valve Corporation). Fast Green (0.01 %) is added to the
DNA solution to monitor the DNA injection into the
ventricles. The micropipette is then removed, and a custom-made electrode composed of two parallel flat platinum plates, is placed vertically on the skin with the two
platinum electrodes on either side of the brain (Fig. 1).
The electrodes used for bulk cell transfection were constructed by cutting two 1 mm squares of platinum foil
and soldering each square to a separate wire. The soldered junction was insulated with nail polish, and the platinum plates are fixed to a metal post such that the platinum plates are parallel to each other and separated by
1 mm. We have tested a range of stimulation parameters
including square pulses of durations ranging from 1 to
50 ms and exponential decay pulses with time constants
ranging from 20 to 70 ms, at various voltages. Voltage
pulses are generated by a Grass SD9 stimulator coupled
to a capacitor. A simple circuit was constructed in which
the voltage stimulator charges the capacitor which is
then allowed to discharge across the platinum electrodes
(also see www.cshl.org/labs/cline/sce.html). In the tadpole, we find that delivery of 5 exponential pulses with
a time constant of 70 ms, a field strength between 200 –
400 V/cm, and a 1 sec interpulse interval produces the
highest transfection efficiencies with the least cell damage or tadpole death. In the chick embryo, square voltage pulses have been found to be most effective for high
transfection efficiency and cell survival. The difference
in sensitivity to pulse shape in the tadpole may be due
to the tissue or differences in the types of electrodes employed. After electroporation, the tadpole is quickly returned to rearing solution, where it usually recovers
from anesthesia within 10 minutes. Transfection success
is tested by detecting GFP expression with epifluorescent
microscopy 24 h after electroporation. Whole brain electroporation in the Xenopus laevis tadpole consistently
produces high transfection rates as indicated by GFP
expression (Fig. 1). GFP expression can be detected
within 4 hours after electroporation, reaches peak levels
between 24 and 48 h, and persists for more than 2 weeks.
The area of the brain transfected by bulk electroporation can be controlled by adjusting the size of the electrodes, the polarity of stimuli, and the site of DNA injection. Relatively large electrodes (1 mm long) which
span the length of the tadpole brain can be used to
transfect cells throughout the extent of the brain (Fig.
1). Smaller electrodes (0.5 mm long) restrict transfection
to specific brain regions, such as the optic tectum. Pulses
of a single polarity transfect cells only on the side of the
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Fig. 1 Whole brain electroporation in the Xenopus laevis tadpole.
A. Schematic of the custom-made electrode used for bulk electroporation of the tadpole brain. Platinum foil plate electrodes are
gently placed on the tadpole skin on either side of the brain.
B. Diagram of a horizontal view of the stage 47 tadpole brain
(rostral at top) showing placement of small electrodes (vertical bars,
0.5 mm long and 0.5 mm apart) for targeting transfection to the
optic tectum (OT). Plasmid DNA is injected into the brain ventricle

(V). C. GFP expression in the right optic tectum following targeted
electroporation. D. Larger electrodes (1 mm long and 1 mm apart)
on either side of the brain are used to electroporate larger regions
of the brain. E. Voltage pulses deliver DNA into cells between the
ventricle and the positive electrode. More cells are transfected with
the larger electrodes. F. Increased electrical field strength induces
transfection in larger brain regions. Monopolar stimuli almost
completely restrict transfection to half the brain. BarΩ100 mm.

brain adjacent to the positive electrode. This indicates
that the epithelial lining of the ventricle effectively prevents diffusion of DNA from the ventricle into the brain
tissue, but electrophoresis can drive DNA through this
barrier and deep within the tissue. Stimulation with
pulses of both polarities transfects cells on both sides of
the ventricle. An alternative method to restrict the extent
of transfection is to inject a small bolus of DNA directly
into the neuronal tissue. The strength of the applied electric field can also be used to control the number of transfected cells. However, there is a relatively small range of
effective voltages which must be determined empirically
for each electrode. Low voltages will induce transfection
of few, or no cells, and expression levels per cell are
usually low, as indicated by dim GFP fluorescence.
Slightly higher voltages yield extensive transfection and

higher expression levels with little or no cell death or
tissue pathology. Further increases in the applied voltage, however, produce damage and cell death.
To test for the efficiency of co-electroporation of two
independent plasmids, we mix pGFP with pDsRed
(Clontech) in a 1:1 ratio. pDsRed is a vector carrying
the gene for the red fluorescent protein DsRed driven
by the same CMV promoter in the pEGFP vector. Coelectroporation of pEGFP and pDsRed produced a cotransfection rate of approximately 70 % ∫ 10 %, determined by screening for simultaneous expression of GFP
and DsRed within 2 days after electroporation. In most
cases of single plasmid expression, GFP was expressed.
The slower expression rate and lower intensity of DsRed
fluorescence may contribute to an apparent expression
of GFP in the absence of DsRed.
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Transfection techniques for retinal ganglion cells
(RGCs) in our laboratory previously consisted of either
lipofection or viral infection using vaccinia virus. Lipofection must be done at very early developmental stages,
limiting temporal expression of the protein. In addition,
lipofected animals require several days to reach an experimental stage. Viral infection rates of RGCs are frequently variable and difficult to assess in vivo, due to low
expression levels, requiring conformation of infection
rate post-experimentally. Electroporated RGCs reach
peak expression of GFP along the full length of the axon
and axonal arbor at 48 hours. RGCs are electroporated
using the same electrodes that are used for whole brain
electroporation and the same stimulation parameters.

Little damage is produced by whole-brain
electroporation
The voltage amplitudes needed to induce high transfection efficiency produce little tissue damage. Slightly
higher voltage amplitudes can produce local disruption
of skin tissue directly in contact with the electrodes, as
well as disruption of internal blood vessels. We tested
for cell death following whole brain electroporation with
pEGFP by staining the brain with propidium iodide, a
nuclear dye that only crosses compromised cell membranes. Propidium iodide (0.5 mg/ml) was injected into
the brain ventricle of anesthetized tadpoles 30 min. after
whole brain electroporation using the same stimulation
protocols which yield high transfection efficiency. Tadpoles were sacrificed 30 min later; brains were removed
and fixed with 4 % paraformaldehyde. Control tadpoles
received ventricular injections of pEGFP but were not
stimulated. Whole-mounted brains were examined with
epifluorescent and confocal microscopy for propidium
iodide positive cells. The stimulation parameters producing the highest transfection efficiencies did not alter
the number of propidium iodide-positive cells compared
to controls. Brains from both groups had few propidium
iodide positive cells. Therefore, whole brain electroporation, under conditions that yield optimal transfection,
does not induce cell death in brains within 30 min after
stimulation.

Single-cell electroporation in Xenopus laevis
We developed single-cell electroporation (SCE) as a
method to introduce plasmids and macromolecules into
individual neurons, glia, and muscle fibers. SCE is particularly useful in experimental systems that allow direct
imaging of cell morphology in living tissue. One of the
strengths of SCE, when imaging neuronal structure, is
that it allows an individual neuron’s axonal and dendritic processes to be distinguished without interference
from neighboring processes. SCE also allows one to de-

termine whether the effects of gene expression on the
transfected cell are cell autonomous or due to secondary
effects from interaction with transfected neighbors.
Restriction of electroporation to single neurons within
the intact tadpole brain is achieved by restricting both
the DNA and the electric field to the tip of a glass micropipette (Fig. 2). Borosilicate glass capillary tubing (outer
diameter Ω 1.5 mm, inside diameter Ω 0.86 mm, filament,
Warner Instrument Corp.) is pulled to a fine tip (tip diameter Ω 0.6 mm) with a pipette puller (P-87 Micropipette Puller, Sutter Instrument Company, CA) and filled
with a solution of plasmid DNA (typically 1 mg/ml in
dH2O, range 0.5 – 2 mg/ml). A silver wire (0.25 mm diameter) is inserted into the pipette in contact with the DNA
solution. An anesthetized tadpole is placed on a Kimwipe moistened with Steinberg’s solution on the stage of
an upright Olympus BX50 microscope equipped with a
20 ¿ long working-distance objective. A silver wire
ground electrode is placed under the Kimwipe. The distance between this ground electrode and the tadpole is
not significant as long as it is in contact with the wet
Kimwipe. The silver wire in the pipette is connected to
the negative terminal of a Grass SD9 Stimulator (GrassTelefactor, West Warwick, RI), and the ground electrode
is connected to the positive terminal (also see
www.cshl.org/labs/cline/sce.html). Under visual guidance, the tip of the DNA-filled micropipette is inserted
into the brain of the anesthetized tadpole into a region
containing dense cell bodies. Since tadpole tectal cells
are difficult to discern using the 20 ¿ objective, we do
not directly monitor the position of the pipette tip relative to a target cell. Although this may lower transfection
efficiency at each site due to tip placements which are
not directly adjacent to cell somata, the long working
distances allows rapid pipette placement at multiple sites
in the tissue. Therefore, the relative ease of quickly electroporating multiple sites yields high transfection rates
per brain or slice. The use of higher strength objectives
allows for more precise positioning of the pipette near a
target cell body for increased transfection efficiency, but
the associated shorter working distances reduces
maneuverability between sites. Once the pipette is in position, trains of square pulses (1 ms long, 200 Hz) are
delivered for 1 s. Other stimulation parameters, including repeated square and exponential decay pulses also
induce single-cell electroporation, but are not as efficient
as high frequency trains of short pulses. While transfection efficiency can vary greatly between pipette tips and
is dependent on multiple parameters, including DNA
preparation and target cell density, optimized parameters yield transfection of single cells in 20 % of
stimulation attempts.
An important variable for successful transfection is
the applied current, which can be monitored by sampling the voltage drop across a known resistor in series
with the stimulation circuit. For example, a resistor can
be placed between the ground electrode and the positive
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Fig. 2 Single-cell electroporation in the tadpole. A. Singlecell targeting is achieved by inserting a DNA-filled micropipette into the brain of an
anesthetized tadpole. Electrical
stimuli are delivered between
the pipette and an external
ground (under tadpole) which
electroporates the cell at the tip
of the pipette and delivers
DNA into the cell. B. A neuron in the optic tectum of the
tadpole brain 48 h after singlecell electroporation of pEGFP,
imaged in vivo with 2-Photon
microscopy. BarΩ20 mm.

pole of the stimulator. Connecting an oscilloscope on
either side of this resistor provides a measure of the voltage drop across the resistor, from which the current can
be determined using Ohm’s Law (V Ω IR). The most effective current for single-cell transfection is 1 to 4 mA. It
is important to monitor the current while stimulating
since cellular debris or particles in the pipette solution
can clog the pipette tip causing an increase in the pipette
resistance and a decrease in the applied current. By
watching the circuit current, changes in pipette resistance can be monitored and compensated for by adjusting the applied voltage. In some cases, clogging can
be alleviated by applying brief current pulses of alternating polarity. In the tadpole, the same pipette can typically be reused for multiple sites (up to 40 times). Other
tissues, including organotypic hippocampal slices may
produce more rapid clogging.
Rates of co-transfection of pGFP and pDsRed is
higher with single-cell electroporation (96 %) than whole
brain electroporation. Efficiency of single-cell electroporation was not noticeably affected by the ionic
composition of the resuspension solution (2 mM CaCl2,
20 – 200 mM NaCl, or dH2O) or DNA concentrations
ranging from 0.1 to 5 mg/ml.
We have tested the health of neurons in the tadpole
brain following single-cell electroporation by examining
dendritic growth over six days (Haas et al., 2001). These
cells grew by the dynamic extension and retraction of
small branches resulting in large complex arbors (Wu et
al., 1999). Dendritic arbor growth of electroporated cells
was indistinguishable from cells labeled with DiI. Indicators of ill health, such as blebbing or a net retraction
of dendritic branches is not seen. These data suggest
that single-cell electroporation has no significant effects
on cell health.

Single-cell electroporation for in vivo neuronal
imaging
The combination of targeted gene transfection with timelapse in vivo microscopy provides a powerful means to
examine the role of genes in the development of neuronal
morphology and connectivity. Co-electroporating
plasmids carrying genes of interest along with plasmids
encoding GFP facilitates identification of transfected
cells and allows imaging of the effects of gene expression
on neuronal morphology. Highly efficient co-electroporation of independent plasmids to the same cell decreases
the need to make GFP-fusion proteins which may alter
protein function or restrict GFP localization to specific
cell compartments. In cases where the cellular distribution of an exogenously expressed protein is being examined, a plasmid carrying the GFP-fusion gene can be coelectroporated with a plasmid expressing another fluorescent protein, such as DsRed. In this case, expression of
the GFP-fusion protein will demarcate sites of protein
localization, while DsRed completely fills the cell for imaging morphology. Since the electroporation technique is
relatively simple and transfected genes can be expressed
within hours, this technique offers a rapid method for
screening gene function. Two-Photon imaging of GFP expressed in individual neurons produces high-resolution
images of neuronal morphology without inducing significant phototoxic damage (Haas, et al., 2001). This
allows repeated imaging of neurons at short intervals for
the study of axonal and dendritic arbor growth and dynamics. With the ability to deliver multiple genes into the
same cell, it is possible to express one or more genes of interest along with pEGFP to examine gene function in
neuronal growth and structural plasticity.
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Fig. 3 Single-cell electroporation mediated delivery of tetramethylrhodamine-tagged dextran (red, b) and carboxyfluorescein-conjugated morpholino oligonucleotides (green, a) into a neuron within

Single-cell electroporation of fluorescent
dextrans
Single-cell electroporation can also be used to label cells
with fluorescently-tagged dextrans (Molecular Probes,
Eugene, OR). Delivery of dyes, like tetramethylrhodamine dextran, FITC dextran, or calcium indicators
such as calcium green dextran, can be directly visualized
with epifluorescent microscopy. Pipettes are filled with
dextrans at concentrations ranging from 100 mM to 2
mM dissolved in dH2O. Since dextrans are relatively
small compared to plasmid DNA, the electrical stimuli
required for electroporation of dextrans is much less
than for DNA. We typically use single square pulses, 10 –
40 ms in duration, at 1 mA to fill single cells. Direct
visualization demonstrates immediate dye-filling of cell
somata during stimulation, followed by complete diffusion through dendritic processes within 30 min.

Single-cell electroporation of morpholino
oligonucleotides
We have also used the single-cell electroporation technique to deliver morpholino oligonucleotides tagged
with the fluorescent marker carboxyfluorescein (200 mM,
Gene Tools, Corvallis, OR) into single cells within the
intact Xenopus tadpole brain (Fig. 3). Morpholino oligonucleotides are synthetic antisense sequences, which are
insensitive to nuclease digestion. They have been used
to knock down gene expression (Summerton and Weller
1997; Nasevicus and Ekker, 2000). To demonstrate the
feasibility of delivering morpholino oligonucleotides by
electroporation, we used a random sequence composed
of 25 nucleotides (5ø-CCTCTTACCTCAGTTACAATTTATA) which is not complimentary to any known
mRNA. We have co-electroporated the carboxyfluorescein-conjugated morpholino oligonucleotides along

the tadpole brain in vivo. Overlay of images in yellow (c). BarΩ10
mm.

with tetramethylrhodamine dextran (3000 MW, 2 mM)
for cell imaging. Following co-electroporation, the fluorescent dextran completely fills cell processes while the
morpholino oligonucleotides can be detected in the cell
soma and proximal dendritic shaft. While we demonstrate the utility of single-cell electroporation as a tool
for oligonucleotide delivery, assays for reduction of protein levels need to be performed in each case to demonstrate that these anti-sense oligonucleotides interfere
with mRNA translation.
We have successfully applied single-cell electroporation to other preparations including rat organotypic
hippocampal slice, chick embryo, zebrafish, and Drosophila embryos. While the same stimulation parameters
are effective in each case, the pipette tip dimensions
often require adjustments specific to each preparation.
The dimensions of the pipette shank must balance requirements for preventing the pipette from breaking
when entering tissue like the tadpole skin (wider shank)
and reducing tissue damage from the pipette insertion
(thinner shank). When initially testing single-cell electroporation in a new preparation, it is useful to first electroporate fluorescently-tagged dextrans. Direct visualization of dye transfer into cells aids in finding correct
tip dimensions and tip position relative to cell bodies.
Pipettes which are successful for electroporation of dextrans can then be used for transfection of DNA.

Conclusion
The main challenges faced by the study of neuronal gene
function are the ability to regulate the spatial and temporal expression of specific genes using techniques which
are rapid and easy to perform. Electroporation has
proven to be a highly efficient method for neuronal
transfection which can be used for rapid assays of gene
function. Recent advances in methods to control DNA
and electric field exposure provide a powerful means to
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control the pattern of foreign gene expression (Atkins et
al., 2000; Haas et al., 2001). Further control over spatial
expression may be achieved by electroporating genes
driven by cell type-specific promoters (Itasaki et al.,
1999). Temporal control of exogenous gene expression
can be achieved by the type of genetic material electroporated. DNA will be expressed within a few hours,
while RNA can be translated within minutes. Electroporated proteins (Rols, 1998) can act immediately. Alternatively, inducible promoter systems can enhance temporal control. The ability to block or decrease the activity of gene products is also essential in order to
understand gene function. Reducing gene function is
possible through a number of electroporation techniques. Dominant negative forms of proteins can be expressed (Itasaki, 1999), or electroporation can be used
to deliver antisense agents like morpholino oligonucleotides, or peptide and drug inhibitors. Electroporation
provides researchers with a very versatile set of tools for
the study of gene function.
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