
The Temporal Resolution of In Vivo Electroporation in Zebrafish:
A Method for Time-Resolved Loss-of-Function

Scott A. Kera*, Suneel M. Agerwala*, and John H. Horne
Department of Biology and Health Sciences, Pace University, Pleasantville, New York 10570

Abstract
One caveat to current loss-of-function approaches in zebrafish is that they typically disrupt gene
function from the beginning of development. This can be problematic when attempting to study
later developmental events. In vivo electroporation is a method that has been shown to be effective
at incorporating reagents into the developing nervous system at multiple later developmental
stages. The temporal and spatial characteristics of in vivo electroporation that have been
previously demonstrated suggest that this could be a powerful approach for time-resolved loss-of-
function analysis. Here, in an attempt to demonstrate the efficacy of this approach for analysis of a
specific developmental timeframe – that of initial development of the zebrafish visual system – we
have done a systematic characterization of the efficiency of in vivo electroporation in zebrafish
across multiple developmental stages, from 24 to 96 hours post-fertilization (hpf). We show that
electroporation is efficient at delivering expression plasmids to large numbers of neurons at
multiple developmental steps, including 24, 48, or 96 hours post-fertilization. Expression from
electroporated plasmids is maximal within 24 hours, and significant and useful expression is seen
within 6 hours. Electroporation can be used to deliver two separate expression plasmids (GFP and
mCherry), resulting in co-expression in 97% of cells. Most importantly, electroporation can be
used to incorporate siRNA reagents, resulting in 84% knockdown of a target protein (GFP). In
conclusion, in vivo electroporation is an effective method for delivering both DNA-based
expression plasmids and RNAi-based loss-of-function reagents, and exhibits the appropriate
characteristics to be useful as a time-resolved genetic approach to investigate the molecular
mechanisms of visual system development.
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INTRODUCTION
Zebrafish (Danio rerio) has emerged as a powerful model system to study the molecular
mechanisms of development1. In addition to being a well-characterized genetic system,
zebrafish are particularly well-suited to in vivo imaging because the embryos are small and
essentially transparent through the early stages of development. Thus, developmental events
such as cell shape changes, cell migration, and tissue formation can be directly visualized in
live embryos by expressing a fluorescent protein – such as the green fluorescent protein
(GFP) – in early differentiating cells or their precursors. This ability to assess developmental
events in a live (unfixed) embryo is particularly important when investigating neural system
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development because the complex extracellular environment and elaborate spatial cues that
are required to appropriately wire the vertebrate brain can not be reliably reproduced in
vitro2.

Identifying the molecular mechanisms that control zebrafish neural development requires
two methods: (1) a technique that can assess the developmental event in vivo in live
embryos; (2) a loss-of-function approach that can target specific genes within the target
tissue or cell type. As stated above, in vivo imaging of fluorescent proteins is a good
approach for monitoring developmental events in live embryos because it allows the
assessment of several different cellular parameters, including differentiation, migration, and
axonal/dendritic pathfinding, without having to fix or otherwise disturb the embryonic
tissues. Of particular importance to an in vivo imaging approach is how the fluorescent
protein expression construct will be targeted to the cells or tissues of interest. Ideally, one
would be able to reproducibly target a specific cell type or tissue with both spatial and
temporal resolution.

Historically, the most widely-used loss-of-function approach has been mutagenesis and
mutant analysis, which has yielded a wealth of knowledge about what genes are necessary
for development of model organisms. More recently, molecular-targeted approaches such as
RNA interference (RNAi) have greatly facilitated the feasibility of genetic loss-of-function,
while maintaining specificity3. In zebrafish, an analogous approach using anti-sense
morpholino oligonucleotides has been widely used because of the ease of incorporating
morpholinos by intracellular microinjection at the 1- or 2-cell embryo stage4,5. A major
caveat to both mutant analysis and injection of RNAi or morpholino reagents at the 1-cell
stage is that the loss-of-function is initiated at the beginning of development. This is a major
problem when attempting to analyze later development events, such as development of the
nervous system, because many of the genes involved in neural development are also
required for earlier developmental steps. Loss-of-function for these genes is predicted to
lead to dysfunctional early development, compromising the analysis of later events. Thus, a
time-resolved loss-of-function method, which allows for the disruption of gene function at
specific developmental stages, would be an ideal approach for the genetic analysis of later
development events.

In vivo electroporation is a method that can be used for intracellular delivery of
oligonucleotides to developing embryos in multiple model organisms6, which offers
excellent spatial and temporal resolution. This technique has become a very powerful
method for gain-of-function and loss-of-function analysis in the developing chick
system7,8,9. In Xenopus, in vivo electroporation has been shown to be particularly well-
suited for targeting oligonucleotide reagents to the developing nervous systems10,11,12,13.
Although currently not as widely used, in vivo electroporation has long been known to be an
effective method for incorporating reagents into developing zebrafish embryos14. The
efficacy of using in vivo electroporation for targeting later developmental stages was first
demonstrated by targeting the neural tube for injection and electroporation15. In vivo
electoroporation has now has been shown to be an effective method for delivering dyes and
expression plasmids to large numbers of cells in different regions of the developing nervous
system in zebrafish embryos15,16,17,18, adults19,20, and a modified version of the method
can be used to target single cells21,22. Also, in vivo electroporation has been used
successfully incorporate RNAi and morpholino loss-of-function reagents17,23,24. However,
if in vivo electroporation is to become a primary method for loss-of-function analysis in
zebrafish (as it is in chick), it is important to first quantitatively assess the efficacy of the
method, and, most importantly, to determine the temporal resolution of the technique as it
relates to the timeframe of the developmental events of interest.
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In vivo electroporation works by delivering brief (5–50 ms) pulses of an electric field across
an embryo, which leads to the opening of very short lived (∼1s) pores in the plasma
membrane, allowing for oligonucleotides injected outside of the cell to cross the plasma
membrane22. Charged reagents, such as DNA expression plasmids or RNAi
oligonucleotides, are further facilitated in entering cells due to an ionophoresis effect, which
facilitates movement of the negatively-charged oligonucleotides toward the positive
electrode. Thus, by localizing the injection of charged reagents, and orientating the electric
field to control the direction of ionophoreis, this technique can be used to target different
regions of the developing nervous system. In zebrafish, several studies have demonstrated
that the method has excellent spatial resolution, while still being able to target large numbers
developing neurons in the target tissue15,16,18. For even more precise spatial resolution, a
modified version of the method can even target single cells21,22.

Given the spatial and temporal resolution previously shown for in vivo electorporation, the
method should provide an excellent approach for temporally-controlled gene loss-of-
function experiments. Through incorporation of charged loss-of-function reagents, such as
RNAi oligonucleotides, shRNA-based plasmids, or modified morpholino
oligonucleotides26,27, in vivo electoroporation can be used to induce loss-of-function at
specific developmental stages. Furthermore, by localized injection and appropriate
orientation of the electric field, loss-of-function oligonucleotides can be delivered to specific
tissues or cell types. Given these spatial and temporal characteristics, in vivo electroporation
provides an excellent method for the analysis of the molecular mechanism controlling later
developmental events.

Here we have quantified the efficacy and temporal parameters of in vivo electroporation in
zebrafish as they relate to the analysis of neural development. We have shown that in vivo
electroporation is a robust method for incorporating GFP expression plasmids and RNAi
oligonucleotides into cells of the developing nervous system. We have shown that in vivo
electroporation is effective for incorporation of these reagents in embryos at multiple
developmental stages, spanning those important for initial development of the zebrafish
visual system. Finally, we have shown that delivery of RNAi oligonucleotides via in vivo
electroporation is an effective method for gene knockdown.

MATERIALS AND METHODS
DNA Expression Plasmids and RNAi Oligonucleotides

All expression constructs were provided by R. Koster (Institute of Developmental Genetics,
Neuherberg, Germany). To maximize GFP and mCherry transient expression we used a
Gal4-VP16 activator/effector expression systems28. This system requires two plasmids: (1) a
plasmid including the coding sequence for a fusion protein of the Gal4 DNA binding
domain and the VP16 transcriptional activation domain, under control of the ubiquitous
EF-1α promoter; (2) a plasmid including the coding sequence of either EGFP or mCherry
under the control of 14 tandem UAS (Gal4 binding) sequences and the fish basal promoter
E1b28. Both plasmids include the beta globin polyadenylation sequence. For experiments
monitoring the efficacy of RNAi-mediated knockdown of GFP, expression vectors driven by
the CMV promoter were used to reduce the amount of mRNA produced as compared to the
high levels mediated by the Gal4-VP16 system. The coding sequence for EGFP or mCherry
was cloned into the pCS2+ Xenopus expression plasmid28. Plasmids were purified by
standard maxi prep column protocols (Qiagen Inc.; Valencia, California).

Previously characterized siRNA oligonucleotides were used to target EGFP expression
(Lewis et al., 2002). Duplex siRNA oligonucleotides targeting the EGFP sequence, 5′- GAC
GUA AAC GGC CAC AAG U -3′, were purchased from Thermo Fisher Scientific
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(Waltham, MA). For control electroporations, siGENOME non-targeting siRNA #2
oligonucleotides were used (Thermo Fisher Scientific). Duplex siRNA oligonucleotides
were dissolved in siRNA buffer (Thermo Fisher Scientific) at a concentration of 200 µM for
injection and electroporation.

Embryo Preparation and In Vivo Electroporation
Embryonic and adult zebrafish were maintained by standard protocols29. Briefly, embryos
were grown at 28°C in egg water plus 0.0001% methylene blue. For embryos to be imaged,
pigment formation was inhibited by inclusion of 100 µM N-phenylthiourea (PTU).

For electroporations, 24 hpf embryos were manually dechorionated using fine forceps (not
required for later stage embryos). Embryos were then transferred to electroporation buffer
(180 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 5 mM HEPES, pH 7.2)17. For injections,
tricaine (0.017%) was included in the electroporation buffer to prevent embryo movements.
Embryos were trapped in 0.2% low-melting-point agarose (Sigma-Aldrich, St. Louis, MO)
and positioned manually with forceps. DNA expression plasmids were dissolved in
electroporation buffer at a concentration of 0.1–1.0 mg/ml with the addition of 0.03%
phenol red in order to visualize injections. Glass micropipettes were fabricated to a fine
point using a Sutter P-30 Pipette Puller using glass capillary tubes (I.D. = 0.5; O.D. = 1.0
with filament). To obtain a sharp injection tip, the sealed fine point of the pulled pipet was
broken back manually using a submerged kimwipe. Embryos were injected with DNA
solution using a pressure injection apparatus (MPPI-2 Pressure Injector; Applied Scientific
Instrumentation; Eugene, OR). Electroporation was initiated as soon after injection as
possible. Hand held electrodes were positioned outside the embryo, spanning the DNA-
injected ventricular space, and square-shaped electroporation pulses were applied using a
Grasss SD-9 Stimulator (Grass-Telefactor, West Warwick, RI). A typical electroporation
protocol consisted of seven 5 ms pulses, initiated manually, space by approximately one
second. Voltages of electroporation pulses ranged from 60 to 100 volts. It should be noted
that the bi setting on the SD-9 stimulator was used to decrease production of bubbles from
the platinum electrodes. This setting produces a biphasic output by placing a capacitor in
series with the output. The useful voltage range when using the mono setting will be
significantly lower (10 to 50 volts). Electrodes were custom built using Grass E2 Platinum
Subdermal Electrodes (Grass-Telefactor). Embryos were then allowed to recover for at least
5 minutes before being manually released from the agarose using fine forceps, placed in
normal embryo media, and returned to 28°C.

Fluorescent Imaging and Image Processing
Embryos to be imaged were immobilized in 0.2% low-melting-point agarose. Fluorescent
and bright field images were aquired using either a Zeiss Axioplan fluorescent microscope
or an Olympus BF60 fluorescent microscope. In both cases images were acquired using a
computer-controlled digital moncohrome camera. Higher resolution confocal images were
acquired using an Olympus Fluoview 300 confocal microscope.

Digital image files were converted from 16 bit pixel depth to 8 bit pixel depth using ImageJ
image processing software (ImageJ 1.37v; National Institutes of Health, USA). In some
cases gray scale fluorescent images were pseudocolored green or red using the lookup table
function in ImageJ, and adjusted for brightness and contrast. Bright field and fluorescent
images were combined in ImageJ using the Z-project function. For figure presentation,
image size and resolution was adjusted using Adobe Phostoshop CS3 (Adobe Systems
Incorporated, USA).
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ImageJ was also used to quantify the level of fluorescence in individual cells on saved image
files. GFP and mCherry images of the same cell were combined in an image stack, then the
brightness within a box drawn to be totally enclosed within the cell was processed using the
measure-stack function. This measurement function allows us to determine the total
brightness of all pixels within the box, which could be used to determine the ratio of GFP to
mCherry fluorescence. A box of the same size was also placed adjacent to the cells to
determine background fluorescence, which was subtracted from the cell levels before the
GFP/mCherry ratio was determined. The median pixel value within a cell was also
determined using the measure-stack function.

RESULTS
As discussed in the Introduction, in vivo electroporation has been shown to be effective for
delivering reagents to the developing nervous system at multiple developmental
stages15,16,17,18, thus offering excellent temporal resolution. The method has also been
shown to have excellent spatial resolution, allowing for the targeting of large numbers of
neurons in different regions of the developing brain15,16,17,18, or even the targeting of single
neurons21,22. Given these characteristics, and the use of RNAi or morpholino-based loss-of-
function reagents17,23,24, in vivo electroporation should provide a very powerful approach
for time-resolved loss-of-function analysis. For this to become a widely used loss-of-
function approach, the method should be efficient at inducing the knockdown of target
genes, and should be time-resolved with respect to the timeframe of the developmental event
of interest. Thus, the goal of this study was two-fold: (1) to quantitatively assess the efficacy
of using in vivo elctroporation for knockdown of a target gene; and (2) to quantitatively
assess the temporal resolution of in vivo electroporation across the timeframe for a particular
developmental event – in this case, from 24 to 96 hpf, which spans the major developmental
events for the initial differentiation of the visual system.

We used the expression of GFP as a way to monitor the efficiency of in vivo electroporation.
The sensitivity of this characterization is dependent upon the efficiency of the expression
plasmid used, and for this reason we utilized a Gal4-VP16 system that had been optimized
for expression in the zebrafish nervous system28 (provided by R. Koster). This system
requires the introduction of two expression plasmids: one with the coding sequence of GFP
under the control of multiple tandem UAS sequences, and a second plasmid encoding the
Gal4-VP16 transcription factor under the control of the ubiquitous EF-1α promoter.
Although this system requires the simultaneous introduction of two plasmids, previous
studies have shown that simply including both plasmids in the solution to be electroporated
leads to very efficient GFP expression18, and we also found this to be the case in our hands.
This expression system gave us a very sensitive assay for successful incorporation of DNA.

Targeting GFP Expression to the Nervous System Using In Vivo Electroporation
We first determined the efficacy of in vivo electroporation for delivering GFP expression
plasmids to large areas of the developing CNS in zebrafish embryos. To target large regions,
a solution of the GFP expression plasmid was pressure-injected into the midbrain ventricle
of 24 hours post-fertilization (hpf) embryos. Multiple injections pulses were used such that
the DNA solution (visualized with phenol red) spread throughout the ventricles of the early
developing brain. Electroporation was then initiated using hand-held platinum wire
electrodes (electrodes separated by 1 mm). Electrodes were positioned on either side of the
head, outside of the embryo, such that the electric filed was oriented across the eyes.
Electroporation pulses were applied as soon after injection as possible. The typical voltage
protocol used was 7 consecutive square pulses (75 volts) initiated manually, each lasting 5
ms. Images of embryos 24 hours after electroporation (at 48 hpf) revealed that large
numbers of cells were expressing GFP throughout the early brain (figure 1a and 1b).
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Orientation of the electric field across the eyes at this stage seems to preferentially target
cells in the midbrain, and expression is typically seen only on one side of the brain. This
preferential targeting of cells on one side of the midline is likely due to the ionophoretic
movement of DNA from the ventricle into adjacent tissue in the direction of the positive
electrode. Higher resolution confocal imaging of a similarly electroporated embryo showed
that a majority of the GFP-expressing cells have morphology typical of that for early
developing neurons, with extended and branched neurites (Fig. 1C and 1D). The number of
neurons labeled is somewhat variable, but is typically more than 100 cells. Movies made
from a Z-series of confocal sections gives a more accurate impression of the number of cells
labeled through a section of midbrain (Movies 1A and 1B).

While characterizing in vivo electroporation for zebrafish, we found that there were two
critical modifications of the method that vastly improved the efficacy of the technique. First,
we found that the use of the Gal4-VP16 system that had been optimized for zebrafish
expression greatly increased the sensitivity of our assay for successful incorporation of
DNA. Mammalian vectors, and even some Xenopus vectors, proved to be of low efficiency
for gaining expression in zebrafish. Second, as has been previously reported17, the embryo
media used for electroporation needs to be much higher in salt concentration than what is
typically used for zebrafish embryo media. This is likely because a certain level of
conductivity in the media is required for the electric field to have its full effect. We used an
electroporation buffer previously described (180 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 5
mM HEPES, pH 7.2)17.

We next determined whether other regions of the developing CNS could be targeted by this
electroporation approach. Spatial targeting was achieved by localizing the injections to the
appropriate ventricle or intercellular space and by positioning the positive electrode such
that the DNA will be drawn toward the appropriate cells. As has been previously shown16,
the cerebellum can be targeted by injecting the hindbrain ventricle and then positioning the
positive electrode at the anterior end of the embryo. Thus, when an electric field is applied
the DNA travels in the direction of the positive electrode, from the ventricular space into the
cells of the anterior wall of the hindbrain ventricle, where early cerebellar neurons are
localized. This approach allowed us to incorporate GFP expression plasmids into large
numbers of cells in the developing cerebellum (Fig. 1E and 1F). Using the same injection
protocol, hindbrain neurons can be targeted by orienting the electrodes across the medial-
lateral axis, which draws the DNA into cells along the lateral walls of the ventricles (Fig.
1G). Cells in the developing retina can be targeted by direct injection of DNA into the
developing eye. Subsequent orientation of the electrodes across the eyes, with the positive
electrode outside the embryo adjacent to the opposite eye, draws the DNA from the center of
the eye into the retina (Fig. 1H). Thus, large injections of DNA combined with careful
placement of the positive electrode can by used to target large numbers of neurons in
specific regions of the developing CNS.

Measuring the Temporal Resolution of In Vivo Electroporation
Several previous studies have demonstrated that zebrafish embryos at different
developmental stages can be targeted by in vivo electroporation15–20. Here, our goal was to
systematically compare the efficiency of electroporation across several developmental
stages, from 24 hpf to 96 hpf. We chose this range of developmental stages because it covers
the time required for initial development of the visual system. Embryos at 24 hpf, 48 hpf,
and 96 hpf can all be successfully targeted by in vivo electroporation as demonstrated by
robust GFP expression 24 hours after electroporation (Fig. 2A–2C). Although GFP
expressing cells become somewhat more dispersed in 96 hpf embryos (Fig 2C), we saw no
systematic difference in the ability to incorporate GFP expression plasmids into embryos
from 24 to 96 hpf.
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In order for in vivo electroporation to be a useful time-resolved genetic approach it must be
efficient at delivering reagents to early neurons at multiple developmental steps, and it
should not damage the embryos or disrupt developmental processes. One of the advantages
of electroporation, as opposed to microinjection, is that the size and duration of the holes
induced in the plasma membrane are a function of the voltage applied25. Thus, by adjusting
the voltage protocol it should be possible to achieve efficient delivery of reagents without
significant cell death.

To characterize the efficiency of the in vivo electroporation technique, and its effects on
embryo viability, we determined the voltage dependence of GFP expression and embryo
viability. As a measure of the efficiency of GFP expression, we determined the percentage
of embryos expressing GFP 24 hours after electroporation. We found that this was a more
appropriate measure of the efficacy of the technique as compared to the number of cells
expressing in each embryo because it assesses the number of successful electroporations – a
more direct measurement of the usefulness of the technique. Also, we found that if an
embryo was expressing GFP it was typically expressed in hundreds of cells; thus, expression
in an embryo was to a large extent all or none. To compensate for false positives from
spurious expression in a few cells, we set a threshold of at least 10 GFP-expressing cells to
score an embryo as positive. Still, the vast majority of the positive embryos were expressing
GFP in at least 100 cells.

The voltage dependence of GFP expression can be seen in figure 2D. For this experiment
embryos were electroporated at 24 hpf, and the number of embryos expressing were
determined 24 hours after electroporation. In order to assess electroporation at many
different voltages, non-overlapping voltages were chosen for each experiment. This did not
allow us to average the data at individual voltages; however, the noise in the data can be
seen in the scatter plot, and by plotting all of the data the robustness of the technique can be
directly visualized (note: each data point represents an experiment consisting of 6–12
electroporated embryos). In addition, to further demonstrate the robustness of the technique,
we have color-coded experiments according to the investigator doing the electroporations
(red, S.K.; blue, S.A.). As can be seen, there doesn’t seem to be any bias due to investigator,
further demonstrating that the method is consistent.

The same embryos were also scored for viability (Fig. 2E) to demonstrate that
electroporation can deliver DNA reagents without disrupting developmental processes.
Embryos were assessed for normal morphology 24 hours after electroporation, and any
embryos displaying altered tissue morphology were scored as dead (typical aberrations
included curved tails or distended ventral epidermis). We found that embryos displaying
normal morphology at 24 hours after electroporation survived and developed normally at
least until 96 hpf, the longest time point assessed. Swimming behavior was also the same as
in un-electroporated controls, and all embryos scored as viable displayed normal heartbeat.
Another indication that electroporated cells maintained normal function is there ability to
transcribe and translate GFP (continuing to at least 96 hpf, the longest time point assessed),
and GFP expressing cells in the developing CNS showed typical neuronal morphology with
elaborated axonal and dendritic processes.

As is expected, the percentage of embryos successfully electroporated – as measured by the
expression of GFP – increases as you increase the voltage of the electroporation pulse. The
percentage of embryos expressing GFP increases roughly linearly from 40 to 80 volts (Fig
2D). On the other hand, the viability of embryos begins to decrease at the upper range of
voltages. When electroporating 24 hpf embryos, viability begins to decrease at
electroporation voltages greater than 90 volts (Fig 2E). If in vivo electroporation is to be a
useful technique for delivering reagents to early developing neurons, there should be a
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voltage range for which there is a high percentage of successful incorporation and also high
viability of the embryos. For 24 hpf embryos, electroporation voltages between 70 and 90
volts fulfills this requirement of high expression and high viability (see range highlighted in
gray, Fig. 2D and 2E). Thus, in vivo electroporation is an efficient and robust technique for
targeting developing neurons in 24 hpf embryos.

In order for in vivo electroporation to be a useful method for time-resolved genetic analysis,
it must be an effective method for delivering reagents at any time point across the timeframe
of the developmental events of interest. As a proof of principle, we chose to assess whether
in vivo electroporation was an effective method for delivering reagents across the
developmental period for which the zebrafish visual system is initially formed27. Thus, we
determined the efficacy of in vivo electroporation at 24 hpf, 48 hpf, and 96 hpf. As discussed
above, in 24 hpf embryos electroporation voltages between 70 and 90 volts lead to a high
percentage of GFP-expressing embryos, while also maintaining close to 100% viability (Fig
2A and 2B). A similar voltage range is also effective when electroporating 48 hpf embryos.
The shaded regions in figure 2F and 2G highlight the high percentage of embryos expressing
and the high viability. When electroporating 96 hpf embryos, higher voltages are required to
achieve the same percentage of embryos expressing, which is likely due to the further
development of the skin, increasing its integrity, and somewhat reducing the actual voltage
experienced by cells in the CNS. To obtain maximal expression when electroporating 96 hpf
embryos required a voltage range of 80 to 100 volts, while the viability remained essentially
100% at these voltages (Fig. 2H and 2I). These experiments demonstrate that in vivo
electroporation is an effective method for delivering reagents to embryos from 24 to 96 hpf.
Thus, the temporal resolution of the approach is sufficient for assessing gene function
throughout initial development of the nervous systems in zebrafish.

Another parameter that is important to define is the concentration of DNA necessary to
achieve good expression of the transgene. Again, using the percentage of embryos
expressing GFP as a measure of plasmid delivery, we found that the steepest dependence on
DNA concentration in the injection pipet was from 0.1 to 0.3 µg/µl (Fig. 3). Thus, to ensure
good expression a concentration of approximately 0.5 µg/µl should suffice. It should be
noted that this range of effective DNA concentrations is higher than what is typically used
for direct microinjection at the 1-cell stage (0.05–0.3 µg/µl)29, and is ten-fold higher than
what has been shown to be sufficient for these particular Gal4-VP16 vectors (0.05–0.3 µg/
µl)28. As would be expected, this difference suggests that the percentage of the injection
solution getting into the cells during in vivo electroporation is much lower than that for
direct injection. It is important to take this into consideration when determining the
appropriate concentration to be used.

If in vivo electroporation is to be used as a time-resolved loss-of-function approach, co-
electroporation of a GFP-based expression plasmid (or other color fluorescent protein) will
likely be required to identify which cells have received the loss-of-function reagent. Thus,
the timeframe of GFP expression following electroporation is another aspect of the temporal
resolution of the technique. We measured the time course of GFP expression by determining
the percentage of embryos expressing GFP at different time intervals after electroporation.
Figure 4A shows the time course of expression for six different experiments, each of which
followed the same group of electroporated embryos for multiple time points. Experiments
following the same group of electroporated embryos are connected by lines, and the data is
color-coded as to the investigator doing the electroporations (blue S.A.; red S.K., another
way to monitor the robustness of the technique). The maximal number of embryos
expressing GFP is seen by 24 hours (Fig 4A). We chose a voltage range (70–75V) that does
not typically yield 100% of the embryos expressing in order to have sufficient sensitivity to
follow changes in expression at the early time points. While maximal expression is seen by
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24 hours for all experiments, significant and useful expression can be seen by 6 hours after
electroporation (Fig 4B–4G).

To confirm that the method is efficient at multiple stages of development, we determined
whether GFP expression occurs within 6 hours after electroporation for embryos
electroporated at 24 hpf (Fig. 4B and 4D), and for embryos electroporated at 48 hpf (Fig. 4C
and 4E). Embryos at both developmental stages could be targeted by in vivo electroporation,
and large areas of the developing brain could be imaged within 6 hours. Furthermore,
expression at 6 hours is robust: co-electroporation of two expression plasmids (one for GFP
and one for mCherry) yields expression of both proteins at 6 hours after electroporation (Fig.
4F and 4G). Thus, expression of fluorescent proteins can be used as a marker to identify
electroporated cells at least as early as 6 hours after electroproation.

Using In Vivo Electroporation for RNAi-Based Loss-of-Function Analysis
We have thus far shown that in vivo electroporation can be used to introduce reagents into
cells of the early developing nervous system for embryos from 24 to 96 hpf, and that
expression plasmids introduced by electroporation can yield GFP expression within 6 hours.
Thus, the technique has sufficient temporal resolution to target multiple different stages in
the development of the nervous system. The next step is to demonstrate that in vivo
electroporation can be used to incorporate loss-of-function reagents, and that this leads to
efficient knockdown of the target protein. To use in vivo electroporation as an acute loss-of-
function approach requires that two reagents are co-electroporated into target cells: (1) the
loss-of-function reagent; (2) a GFP expression plasmid such that the electroporated cells can
be identified. Thus, to determine the efficacy of using in vivo electroporation as a loss-of-
function method, we must first determine the efficiency of delivering two reagents
simultaneously by co-electroporation.

To determine the efficiency of using in vivo electroporation to co-electroporate two different
reagents, we used two different expression plasmids – one coding for GFP and one coding
for the red fluorescent protein, mCherry. Using the Gal4-VP16 system actually requires that
we include three plasmids in the injection pipet: a UAS-GFP plasmid; a UAS-mCherry
plasmid; and a constitutive Gal4-VP16 expression plasmid. Electroporation of the mixture
including all three plasmids (each at 0.5 µg/µl) leads to co-expression of both GFP (Fig. 5A)
and mCherry (Fig. 5B). In order to quantify the degree of co-expression, we analyzed
embryos cell-by-cell using a fluorescent microscope to determine if both fluorescent
proteins were expressed in individual cells. All of the data for five different experiments are
plotted as colored bars in figure 5C (color coded to investigator: blue S.A.; red S.K.). Each
bar represents a single electroporated embryo, and 20 to 50 cells were analyzed per embryo.
As can be seen, the vast majority of embryos had greater than 95% of the cells co-expressing
both GFP and mCherry. The mean of all experiments showed that 97.3% of all cells showed
co-expression of both proteins (SD = 4.5%). Thus, in vivo electroporation is quite efficient
for co-electroporation of two different reagents.

Next, in order to actually measure the efficiency of using in vivo electroporation for loss-of-
function analysis, we used a previously characterized anti-EGFP RNAi oligonucleotide31 to
target the expression of GFP. By targeting GFP, we can directly monitor the loss of protein
expression by fluorescent microscopy. The experimental design was to co-electroporate the
anti-EGFP RNAi oligonucleotide, the GFP expression plasmid, and an mCherry expression
plasmid that could be used to identify electroporated cells even after GFP knockdown. A
non-targeting RNA oligonucleotide was used for control electroporations. Given that RNAi
functions by stoichiometric block of mRNA, we decided to use a GFP expression plasmid
driven by the CMV promoter that would produce somewhat lower levels of GFP mRNA
than the extremely high levels of message produced by the Gal4-VP16 system.
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Embryos were electroporated at 24 hpf with either a control mixture (non-targeting RNAi
oligo, pCS GFP, and pCS mCherry) or the anti-GFP mixture (anti-EGFP RNAi oligo, pCS
GFP, and pCS mCherry). As can be seen in figure 6A, 24 hours after electroporation both
GFP and mCherry are expressed in control cells. However, while cells receiving the anti-
GFP RNAi showed robust mCherry expression, GFP expression was frequently not visible
(Fig. 6A). The degree of GFP knockdown was then quantified by determining the ratio of
GFP fluorescence to mCherry fluorescence in single cells (analysis done using Image J
software; see methods). Thus, if GFP and mCherry are equally expressed in control embryos
we would expect a ratio of 1.0, and knockdown of GFP expression should lead to ratios of
less than 1.0 depending of the degree of knockdown. The combined results of four
experiments are shown in figure 6B (n=82 cells for control; n=108 cells for anti-GFP
RNAi). In control embryos, the ratio of GFP to mCherry fluorescence is quite variable (see
error bar Fig. 6B), which is to be expected given the non-linear relationship between the
amount of expression plasmid and the amount of protein produced. Nonetheless, for
embryos receiving the anti-GFP RNAi, the amount of GFP protein is dramatically reduced
as compared to control. The mean ratio for anti-GFP RNAi cells is 0.23 as compared to a
ratio of 1.45 for control cells, indicating that anti-GFP RNAi oligos lead to an 84%
knockdown of GFP expression. This demonstrates that in vivo electroporation can be used to
efficiently knockdown a target protein. Furthermore, this 84% reduction in GFP expression
is particularly striking given that the levels of mRNA produced from these CMV-based
expression plasmids are likely much greater than that for endogenous genes.

What is the temporal resolution of RNAi-mediated knockdown using in vivo
electroporation? RNAi works by direct binding of the RNAi oligo to the target mRNA.
Thus, RNAi would be expected to have an immediate effect on all mRNA produced after the
introduction of the RNAi oligo. Given that we co-electroporate the GFP expression plasmid
along with the anti-GFP oligonucleotide, we would expect that there is no delay in the action
of the RNAi. To confirm that no further knockdown occurs at later timepoints, we analyzed
the same embryos at both 24 hours and 48 hours after electroporation. Figure 6C shows that
there is no further knockdown at 48 hours, demonstrating that there is no delay in the action
of anti-GFP RNAi when delivered by in vivo electroporation.

Given the unavoidable variability in the ratio of GFP to mCherry fluorescence in control
cells (Fig. 6B), we performed some further analysis to demonstrate the robustness of RNA-
mediated knockdown using in vivo electroporation. As is suggested by the averaged data
(Fig. 6B), whether GFP or mCherry is more highly expressed in individual control cells
appears to be random. This is confirmed by plotting a histogram of individual cells and
binning the data for GFP higher expressed, mCherry higher expressed, or GFP and mCherry
equally expressed (within 5%). Figure 6D shows that which fluorescent protein is higher
expressed in control cells is essentially random, with about half of the cells with higher GFP
and the other half with higher mCherry. In contrast, for cells that received the anti-GFP
RNAi oligo, essentially all of the cells had higher expression of mCherry (98%), confirming
successful knockdown of GFP in the vast majority of cells electroporated with the anti-GFP
RNAi oligo (Fig. 6E).

One potential caveat to using in vivo electroporation for delivery of RNAi oligonucleotides
is whether sufficient amounts of the oligo are incorporated into the target cells. We have
shown that a somewhat greater concentration of plasmid DNA is necessary for
electroporation as compared to direct microinjection at the one cell stage (Fig. 4). Given that
RNAi works by stoichiometric block of mRNA, it is important to assess whether the amount
of RNAi oligos that we are delivering by electroporation is sufficient for efficient
knockdown of the target protein or whether the amount of oligo is borderline for cells
expressing higher amounts of mRNA. We addressed this by plotting the level of knockdown
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(using the ratio of GFP to mCherry fluorescence) versus the relative amount of mRNA being
produced. As an estimate of the level of mRNA, we used the average pixel intensity of
mCherry fluorescence. Although this is not directly measuring the amount of GFP mRNA
being produced, it’s likely that cells receiving higher levels of the mCherry plasmid during
electroporation also received higher levels of the GFP plasmid. If the level of anti-GFP
RNAi oligos was borderline for stoichiometric block of the GFP mRNA being produced in
the cells, then we would expect to see a decrease in the amount of knockdown at higher
mRNA expression levels. Figure 6F is a plot of all 108 cells receiving the anti-GFP RNAi
oligo and shows that there is relatively little decrease in the knockdown of GFP at higher
levels of mRNA expression. The black line represents a linear regression of the data,
showing that there is very little decrease in the level of knockdown (84% to 74%) across the
whole range of mRNA levels observed. Given this, it seems that the levels of siRNA oligos
delivered by in vivo electroporation in these experiments is far from being saturated, even by
the high levels of mRNA produced from these CMV-driven expression plasmids.

Because figure 6F represents all of the RNAi data in a single plot, it is also useful for
visualizing the robustness of knockdown by electroporation. This graph makes it apparent
that the vast majority of RNAi cells have significant knockdown of GFP expression. The red
line represents that median ratio for RNAi cells highlighting that half of the cells had a GFP/
mCherry ratio of less that 0.16. Thus, half the cells showed more than an 84% decrease in
GFP expression as compared to the control median (blue line; median ratio = 1.01). This
plot also shows that the vast majority of cells cluster around the median line demonstrating
that knockdown induced through in vivo electroporation is consistent and robust.

DISCUSSION
Although mutant analysis and morpholino injections at the one cell stage are well-
established genetic approaches in zebrafish, there is a paucity of methods for which gene
knockout or knockdown can be specifically induced at later developmental stages. Such an
approach is critically required in order to analyze the function of genes that are important for
multiple developmental events. Previous studies characterizing the temporal resolution of in
vivo electroporation15–18 have suggested that it could provide a powerful approach for time-
resolved loss-of-function. As a proof of principle, in this study we have quantitatively
assessed the efficacy of using in vivo electroporation to deliver siRNA oligonucleotides and
induce knockdown of a specific target protein (GFP). In addition, we have directly measured
the temporal resolution of in vivo electroporation, as it relates to the time frame of
development of the zebrafish visual system. The results of this characterization further
confirm that in vivo electroporation is a powerful method for time-resolved loss-of-function
analysis in zebrafish.

Using the expression of GFP from DNA plasmids as a way to monitor the efficiency of
incorporation of reagents, we have shown that in vivo electroporation can target large
regions of the developing brain (Fig. 1; Movies 1A and 1B), and this is achieved at voltages
for which there is very high viability (Fig. 2). The concentration of DNA in the injection
pipet required for maximal expression is two- to ten-fold higher than what is typically used
for microinjection of constructs at the one cell stage29, suggesting that the holes induced via
electroporation are much smaller in diameter or much shorter lived in time (Fig. 3).
Different regions of the developing CNS, including midbrain, hindbrain, cerebellum, and
retina, can be targeted by adjusting the site of DNA injections and by appropriately orienting
the electric field (Fig. 1).

We have shown that in vivo electroporation can effectively deliver DNA expression
plasmids to the developing nervous system of embryos at 24 hpf, 48 hpf, and 96 hpf (Fig. 2).
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For each stage, a significant range of voltages could be found for which there was a high
percentage of expressing embryos and very high viability. Thus, in vivo electroporation can
effectively deliver reagents at any developmental stage, from 1 to 5 days after fertilization.
As many experiments utilizing in vivo electroporation will also require a means to identify
the cells targeted, we also measured the time required for GFP expression following
incorporation of the GFP-coding plasmid. The maximal percentage of embryos expressing
GFP was reached by 24 hours after electroporation, and significant and useful expression
can be observed by 6 hours after electroporation (Fig. 4A–4E). This early expression is
robust as demonstrated by consistent co-expression of two co-electroporated plasmids (Fig.
4F–4G).

Finally, if in vivo electroporation is to be used as a genetic loss-of-function approach, it must
be effective for delivering loss-of-function reagents, and these loss-of-function reagents
must be efficient at inducing knockdown of the target protein. To determine the efficiency of
RNAi-based knockdown by electroporation, we used co-electroporation of two expression
plasmids, one for GFP and one for mCherry. This allowed us to directly monitor the loss of
the target, GFP in this case, by directly visualizing GFP fluorescence.

Using this approach we showed that co-electroporation of an anti-GFP duplex RNAi oligo
along with the GFP expression plasmid resulted in the inhibition of GFP expression by at
least 84% (Fig. 6A–6B). This is significant block for a highly expressed mRNA being
driven by the strong CMV promoter. Block of expression was immediate (Fig. 6C), as
would be expected given that the mRNA was not made until after RNAi incorporation.
Thus, with this particular experimental approach, the temporal resolution of knockdown is
immediate. This should also hold true for endogenous target genes if the RNAi reagent can
be delivered at a developmental stage before the expression of the target gene is turned on.
For other target genes that are already being expressed at the time of RNAi delivery, the
temporal resolution of knockdown will be determined by the half-life of the protein. This
can be vastly different depending upon the specific target protein, and will need to be
determined on a case-by-case basis.

Our choice to use short duplex siRNA oligos instead of morpholino-based antisense oligos
was strictly for technical reasons relating to this particular experiment. Because the
ionophoresis effect of charged reagents is thought to facilitate incorporation by
electroporation, it is likely that labeled morpholinos will be required for in vivo
electroporation experiments26,27. The experimental approach we used here to quantify the
level of knockdown required that we use both a green fluorescent protein to quantify the
level of knockdown and a red fluorescent protein to identify cells that were successfully
electroporated. Thus, to use a labeled morpholino, it would be required to go to a third, non-
overlapping fluorophore. This is possible with confocal microscopy, but was not as simple
with our in-house fluorescent scope. Other experiments aimed at endogenous genes will
typically not require the expression of two colored proteins. Thus, for endogenous genes,
fluorescently-labeled morpholinos should be amenable to loss-of-function analysis by in
vivo electroporation in zebrafish, as has been previously shown17,23,24. Given this, the
temporal and spatial characteristic of in vivo electroporation that we have characterized here
should also apply for future experiments using morpholino-based reagents.

Although RNAi technology has revolutionized loss-of-function analysis for most model
systems23,34, and initial experiments were promising in zebrafish31, the method is not
generally used for the zebrafish system. This is likely due to early work showing that some
forms of RNAi reagents lead to non-specific and deleterious effects35. Subsequent studies
have not yet been conclusive as to the potential of RNAi technology for studying zebrafish
development36. That debate is clearly beyond the scope of this study, and the reasons for our
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using siRNA oligos were strictly due to the technical specifics of our experiment. However,
it is worth noting here that short duplex siRNA oligos delivered by in vivo electroporation
worked very efficiently for target knockdown in our hands (Fig. 6). Furthermore, we saw no
change in embryo viability or gross morphology, nor did we see any effect on cellular
morphology of mCherry expressing neurons targeted with either control or anti-GFF siRNA
oligos. One possibility is that by targeting embryos at later developmental stages we are
avoiding complications due to inhibiting the processing of microRNAs at the maternal-to-
zygotic transition, which has been shown to be one of the off-target effects of siRNA in
zebrafish37,38. Also, it’s possible that electroporation results in much lower concentrations
of siRNA oligos in cells, thus, lessening the stoichiometric block of miRNA processing
machinery.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Delivering GFP expression plasmids to large regions of the developing brain by in vivo
electroporation. A,B: Embryos were electroporated at 24 hpf. Combined fluorescence
(green) and bright-field (gray scale) images of embryos 24 hours after electroporation show
GFP expression in large regions of the developing brain. C,D: Confocal images demonstrate
the typical neurite morphology of GFP-expressing neurons of the optic tectum. These
images represent a z-projection of a series of confocal slices acquired by focusing dorsal to
ventral through the area of labeled neurons. Movies 1A and 1B are animated versions of the
stacks of confocal images through this section of optic tectum, which demonstrate the
number of cells expressing GFP within a given section of brain, and also reveal the

Kera et al. Page 16

Zebrafish. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



elaborated structure of neurites. E,F: Combined fluorescence (green) and bright-field (gray
scale) images of embryos 24 hours after electroporation showing GFP expression in the
early developing cerebellum. G,H: Combined fluorescence (green) and bright-field (gray
scale) images of embryos 24 hours after electroporation showing GFP expression in the
hindbrain (G) and retina (H). Scale bars equal 100 microns (A,B, E-H); and 50 microns
(C,D).
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Fig. 2.
Temporal resolution of in vivo electroporation. A,B,C: Images of embryos 24 hours after
electroporation for embryos electroporated at 24 hpf (A), 48 hpf (B), and 96 hpf (C).
Voltages used were 75 volts, 80 volts, and 95 volts, respectively. Scale bars respesent 100
microns top panels; 50 microns bottom panel. To characterize the temporal resolution of in
vivo electroporation, embryos were electroporated at 24 hpf, 48 hpf, or 96 hpf. Twenty-four
hours after electroporation the embryos were screened for expression of GFP and for
viability. Voltage was varied to assess the efficiency of electroporation at that stage of
development. D,F,H: The percentage of embryos expressing GFP was determined for each
voltage. Embryos were considered positive if at least 10 cells with neuronal morphology
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were expressing GFP; although, the vast majority of positive embryos had 100-plus cells
showing fluorescence. E,G,I: Viability was assessed by embryo morphology and the
presence of a strong heart beat. Gray boxes indicate a range of voltages for which there is
high expression and very high viability. Data points are color-coded to investigator to
further demonstrate the robustness of the technique (Blue: SA; Red: SK).
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Fig. 3.
DNA concentration dependence of in vivo electroporation. Zebrafish embryos were
electroporated at 24 hpf with different concentrations of DNA in the injection pipet. The
percentage of embryos expressing GFP was determined 24 hours after electroporation, and
the mean percentage of embryos expressing GFP was plotted as a function of DNA
concentration in the injection pipet. Embryos were considered positive if at least 10 cells
with neuronal morphology were expressing GFP; although, the vast majority of positive
embryos had 100-plus cells showing fluorescence. Error bars display standard deviation (n =
4–6).
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Fig. 4.
Temporal resolution of GFP expression. Zebrafish embryos were electroporated at 24 hpf.
A: The percentage of embryos expressing GFP was determined at various times after
electroporation. Embryos were considered positive if at least 10 cells with neuronal
morphology were expressing GFP; although, the vast majority of positive embryos had 100-
plus cells showing fluorescence. Data points connected by a line are from the same group of
embryos followed over time. Each point represents the percentage expression for 6–15
embryos. Data points are color-coded to investigator (Blue: SA; Red: SK). B,D,F: Embryos
electroporated at 24 hpf displayed significant GFP expression at 6 hours after
electroporation. C,E,G: Embryos electroporated at 48 hpf also displayed significant GFP
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expression at 6 hours after electroporation. White boxes in the combined fluorescent/bright
field images in B and C represent the area of the higher magnification fluorescent images
shown in D and E (respectively). F,G: Co-electroporation of a GFP expression plasmid and
an mCherry expression plasmid resulted in co-expression of GFP (F) and mCherry (G) 6
hours after electroporation. Scale bars equal 100 microns (B,C); and 25 microns (F,G).
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Fig. 5.
Co-electroporation of GFP and mCherry expression plasmids. A,B: Mixing together equal
concentrations of two different expression plasmids – one for GFP and one for mCherry –
leads to co-expression of GFP and mCherry in large regions of the early developing brain.
Combined brightfield and fluorescent images show overlapping expression of GFP (A) and
mCherry (B) 24 hours after electroporation. Scale bars equal 100 microns. C: Quantification
of the degree of co-expression. Single cells were examined for GFP and mCherry
expression. Colored bars represent the percentage of cells co-expressing both GFP and
mCherry in a single embryo (20–50 cells/embryo). Bars are color-coded to investigator
(Blue: SA; Red: SK). Gray bar represents the mean number of cells co-expressing both GFP
and mCherry (97.3%; n = 16 embryos; S.D. = 4.5%).
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Fig. 6.
Using in vivo electroporation for RNAi-based loss-of-function. A: Fluorescent images
showing that co-electroporation of an anti-GFP targeted siRNA along with an expression
plasmid for GFP leads to decreased GFP fluorescence as compared to cells electroporated
with a non-targeting siRNA. A plasmid coding for mCherry was also included in order to
identify the cells successfully electroporated. B: The degree to which GFP expression was
blocked was quantified by ratioing GFP to mCherry fluorescence in single cells (see
Experimental Procedures). Control electroporations included a non-targeting siRNA, a GFP
expression plasmid, and an mCherry expression plasmid. Anti-GFP RNAi electroporations
included an siRNA targeting GFP, a GFP expression plasmid, and an mCherry expression
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plasmid. C: The degree to which GFP expression was blocked was analyzed in the same
embryos 24 and 48 hours after electroporation. D: Histogram of all control cells analyzed.
The cells have been categorized by the GFP/mCherry ratio for three different categories: (i)
GFP higher expressed, (ii) mCherry higher expressed, or (iii) equal expression of GFP and
mCherry (within 5%). E: Histogram for all anti-GFP RNAi cells analyzed. F: The GFP/
mCherry ratio for all analyzed anti-GFP RNAi cells plotted against the total mCherry
fluorescence (mean pixel value). This graph represents the degree of knockdown (ratio) as a
function of total expression via the plasmids (mCherry expression). Black line represents a
linear regression of all RNAi data. Red line represents the median ratio for RNAi cells. Blue
line represents the median ratio for all control cells (note: control cells are not plotted on the
graph).
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