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INTRODUCTION

The expression of proteins in cells 
using promoter driven cDNAs is a 
widely used approach for studying 
the function of proteins and analyzing 
molecular networks. Over the past 20 
years, a number of approaches have 
been developed to allow transfection of 
cDNA containing plasmids into cells, 
especially cell lines. However, primary 
cells, such as neurons and T cells, have 
been resistant to most transfection 
methods, requiring the use of time-
consuming and expensive viral-based 
methods. Neurons have been particu-
larly challenging to transfect, with low 
efficiency of transfection up until the 
past few years (1). Recently, Amaxa 
(2) has introduced the nucleofection 
method, which achieves neuronal 
transfection efficiencies of >20% (3,4). 
A single cuvette is used in this method 
to electroporate a million or more 
neurons at a time. Each electroporation 
requires the use of an expensive propri-
etary reagent. For testing multiple 
genes, millions of neurons have to be 
harvested, and electroporations have 
to be performed one at a time. This 
presents two major problems for testing 
many genes. First, the repetitive action 

of electroporating single samples, and 
then manually placing them correctly 
in their destination, lends itself to 
variability and error. Second, the 
extended time it takes to sequentially 
transfect each gene leaves the neurons 
in a toxic environment leading to even 
lower viabilities and efficiencies.

High content screening (HCS) uses 
automated acquisition of images of 
cells in multiwell plates combined with 
detailed quantitative image analysis to 
obtain multiple parameters about cell 
morphology and molecular expression. 
HCS is ideally suited for screening 
various kinds of libraries for their 
effects on cell proliferation, apoptosis, 
or other cell biological processes. It 
is ideal for quantitatively studying 
the morphology of neurons and how 
various agents alter process growth. 
The paucity of efficient methods 
for testing cDNAs in mammalian 
neurons using HCS has restricted the 
usefulness of HCS approaches to drug 
and compound libraries and inhibited 
genome style studies. To overcome 
this roadblock, we have sought to 
develop an inexpensive method that 
would allow multiple transfections 
at once—with identical conditions 
except for the gene to be transfected. 

This electroporation approach involves 
a mixture of a minimal set of compo-
nents, all at reasonable volumes and 
with small numbers of cells, such that 
experiments can be performed quickly 
with multichannel pipets or 96-well 
liquid handlers.

MATERIALS AND METHODS

Primary Neuron Culture

Postnatal day 8–11 mouse cerebella 
were prepared as described previ-
ously (5). Briefly, cerebella were 
harvested from ketamine-euthanized 
mice and minced with a razor blade. 
The cerebellar pieces were incubated 
in 0.05% trypsin-EDTA (Invitrogen, 
Carlsbad, CA, USA) for 20 min at 
37°C, with occasional swirling. The 
trypsin was inactivated by adding 
horse serum to 10% and diluted with 
Hank’s balanced salt solution (HBSS; 
5.4 mM KCl, 0.44 mM KH2PO4, 131 
mM NaCl, 4.2 mM NaHCO3, 0.34 
mM Na2HPO4, 10 mM HEPES). The 
cells were triturated sequentially with 
large- and small-bore flame-polished 
glass pipets in the presence of 1 mg/
mL DNase I (Sigma, St. Louis, MO, 
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USA). Hoechst dye (Invitrogen) was 
added during this step. The cells were 
spun and resuspended in HBSS for 
counting. Centrifugation steps were all 
performed at 115× g for up to 7 min. 
Solutions and cells were kept at room 
temperature throughout the procedure. 
Preparations yielded >90% cerebellar 
granule neurons (CGNs).

Rat hippocampal slices were 
purchased from BrainBits LLC 
(Springfield, IL, USA), and dissociated 
neurons were prepared using a modified 
version of their protocol. Briefly, half 
hippocampal slices were incubated for 
30 min in 2.5% trypsin and 100 μL 30 
mg/mL DNase and then rinsed four to 
five times with Hibernate-E, no Ca2+, 
media plus B27 (BrainBits LLC). Cells 
were triturated using flame-polished 
small- and large-bore glass pipets. 
After triturating, chunks were allowed 
to settle, and then the supernatant was 
transferred to new tubes, and the cells 
counted. Volumes were kept small 
(<2 mL) throughout the process. 
Preparations commonly yield >95% 
neurons.

Transfection

Typically, 100,000 neurons were 
resuspended in 100 μL intracellular 
buffer (INB) solution (135 mM KCl, 
0.2 mM CaCl2, 2 mM MgCl2, 10 mM 
HEPES, 5 mM EGTA, pH 7.3), which 
results in about 3 nM free calcium. 
Cells (90–100 μL) are added to a 96-
well, 2-mm gap, electroporation plate 
(HT-P96-2; Harvard Apparatus/BTX, 
Holliston, MA, USA), and 1–5 μg 
plasmid cDNA were also added to 
each well for a total volume of no more 
than 120 μL. The plate is sealed with 
a 3M ScotchPad™ tape sheet (Qiagen, 
Valencia, CA, USA). All solutions were 
removed from the cold 10 min prior to 
transfection to allow them to come to 
room temperature. The electroporation 
plate was placed inside the Model 
HT-200 plate handler attached to an 
ECM 830 square wave pulse generator 
(Harvard Apparatus/BTX). This system 
was used to deliver pulses to the plate, 
one column at a time. For CGNs, one 
pulse was delivered with 340–350 V, 
900 μs pulse length. For hippocampal 
neurons, two pulses were delivered, 
each with 900 μs pulse lengths and an 

approximate 2-s interval between. The 
first pulse was 140 V and the second 
340 V.

Once transfection was complete, 
a fraction of the cells was immedi-
ately transferred to 96-well assay 
ViewPlates™ (Packard Instrument 
Company, Meriden, CT, USA), 
containing neurobasal complete (NBC) 
media (supplemented 1:50 with B27), 
2 mM GlutaMAX™ media, 25 mM 
KCl, in Neurobasal™-A media (all 
from Invitrogen) preincubated to 37°C 
and 5% CO2. Ten to twenty thousand 
cells were used per assay plate well, 
allowing up to six replicates per 
transfection condition. After plating, 
cells were placed in a 37°C incubator 
maintained at 5% CO2.

Immunohistochemistry

Cells were left 2 days in vitro, then 
fixed, permeabilized, and stained. 
Briefly, fixation was performed for 
45 min using 180 μL/well of 4% 
paraformaldehyde, 0.01% glutaral-
dehyde in 0.1 M phosphate buffer, 

pH 7.4. Cells were rinsed three times 
with phosphate-buffered saline (PBS) 
followed by a blocking solution (BS) 
of 0.2% gelatin and 0.03% Triton® X-
100 in PBS. After blocking for 1 h, 100 
μL E7 mouse anti-β-tubulin primary 
antibody (diluted in BS) were added to 
each well and incubated overnight. The 
plate was washed three times with PBS 
and incubated with Alexa Fluor® 555 
goat anti-mouse secondary antibody 
(Invitrogen) in BS. The fixation and 
staining procedures were performed 
using a liquid handling instrument 
(BioRobot® 3000; Qiagen), but could 
be done using multichannel pipets. 
Human L1 (see Figure 4) was stained 
with a monoclonal mouse anti-human 
L1 antibody—7B5. It was produced 
in the laboratory (3) and used 1/500 
diluted in BS.

Microscopy and Analysis

The fixed and stained assay plate 
was analyzed by an HCS microscope, 
the KineticScan® Reader (Cellomics, 
Pittsburgh, PA, USA). This instrument 

T
ra

ns
fe

ct
io

n 
E

ffi
ci

en
cy

   
   

   
   

   
   

   
   

   
   

   
   

   
 T

ra
ns

fe
ct

io
n 

E
ffi

ci
en

cy

T
ra

ns
fe

ct
io

n 
E

ffi
ci

en
cy

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 V
ia

bi
lit

y

Volts Volts

Cells/Elec Plate Transfection Buffer

Figure 1. Electroporation in cerebellar granule cells. (A) Cerebellar cells are optimally transfected 
at voltages above 340 V, with an approximately 30% transfection efficiency. (B) The viability of the 
neurons in each transfection well decreases as the voltage increases, thus the lowest voltage that pro-
duces reasonable transfection efficiency is optimal. (C) The number of cells per well in the 96-well elec-
troporation plate makes no significant difference in transfection efficiency for cell numbers examined. 
Standard deviations are large because data was averaged across the five voltages. (D) An intracellular 
buffer (INB) gave better transfection efficiency compared with Hank’s balanced salt solution (HBSS), 
phosphate-buffered saline (PBS), and neurobasal complete (NBC) media. Data points in panels A, B, C, 
and D are presented as means ± standard deviation. Panels A and B, n = 4; panel C, n = 8; panel D, n = 3. 
ns, not significantly different.
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automatically took five images per well 
in three channels: (i) nuclei (Hoechst); 
(ii) neuron cell body and neurites (β-
tubulin); and (iii) green fluorescent 
protein (GFP). A software suite built 
into the Cellomics package (Extended 
Neurite Outgrowth v1) processed the 
images and automatically identified 
neurons based on a valid nucleus and 
cell body. The program then quantified 
a variety of parameters and returned 
a report about each cell that satisfied 
predetermined thresholds and criteria. 
We used information about the number 
of cells, number of nuclei, length 
and number of neurites, and average 
fluorescence intensity in the cell body 
for further analysis.

Quantification

GFP transfection was determined 
first by finding the distribution of inten-
sities in the green channel in wells in 
which GFP plasmids were not added. 
These intensities represented fluores-
cence signal that did not result from 
GFP. A threshold was set at 4 standard 
deviations above the mean in wells 
with no GFP, and cells with higher 
average intensities were considered 
GFP-expressing. GFP-expressing cells 
were then counted to determine trans-
fection efficiency and were grouped 
to obtain average measures for each 
parameter studied (neurite length, 
tubulin intensity, cell body area, etc).

RESULTS

Transfection Efficiency

Optimization was first attempted in 
mouse CGNs, harvested from postnatal 
day 8–10 wild-type mice. Preparations 
from mouse cerebellum at this age yield 
a relatively homogenous population of 
neurons (6). Figure 1A demonstrates 
that increasing voltages gave higher 
transfection efficiency. However, 
increasing voltages resulted in lower 
viability (Figure 1B). Varying the 
number of cells in the 96-well electro-
poration plate did not significantly 
change either transfection efficiency 
(Figure 1C) or viability (data not shown) 
in CGNs. Of particular importance, it 
was possible to successfully electro-
porate very small numbers of neurons, 
only 25,000 per transfection well (see 
Supplementary Figure S1, B and C, 
available online at www.BioTechniques.
com). Transfection efficiencies were 
also reliable across an entire 96-well 
plate (see Supplementary Figure S1, 
B and D). In addition, a calcium-free 
intracellular buffer (7) provided signifi-
cantly better transfection efficiency 
than standard extracellular buffers or 
media (Figure 1D). Using conditions 
near 340 V, 100,000 cells, and INB 
buffer, 14 other independent experi-
ments were performed. The transfection 
efficiency for these was an average of 
26.8% with a standard deviation of 
8.6% for the transfection of GFP in 
CGNs (see Supplementary Figure S1A). 
Hippocampal neurons were transfected 
with an average efficiency of 17.3% ± 
3.2% (n = 4).

The amount of plasmid DNA per 
transfection can affect expression 
level and transfection efficiency (see 
Supplementary Figure S2). For the 
plasmids we tested, 1–5 μg DNA in 
100 μL transfection volume resulted in 
successful transfection.

Expression

The expression levels of the 
proteins encoded by various trans-
fected plasmids were analyzed using 
a KineticsScan Reader HCS machine. 
GFP was expressed in CGNs and in 
hippocampal neurons (Figure 2). The 
GFP expression levels ranged from just 

Figure 2. Expression of green fluorescent protein (GFP) in cerebellar granule neurons (CGNs) 
and hippocampal neurons. (A and C) Mouse CGNs 24 h after transfection. (B and D) Rat hippocampal 
neurons 48 h after transfection. (A and B) GFP fluorescence is displayed in green. (C and D) β-Tubulin 
staining in magenta, and nuclear staining (Hoechst) is in blue. An inset (below panel D) shows nuclear 
morphology for the neurons indicated by the arrows in panel D. Note that all β-tubulin positive neurons 
in panel A are expressing GFP. Dead neurons are nearby with distinct nuclear morphology and Hoechst 
intensity. Scale bar, 25 μm. (E) Fluorescent intensity in the GFP (green) channel for control, nontrans-
fected neurons (solid line), and GFP-transfected neurons (dotted line). Many neurons expressing GFP 
have intensities 2 orders of magnitude greater than the mean of the control intensities. The threshold for a 
neuron to be considered GFP positive is indicated by the arrow (see the Materials and Methods section).
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above background to more than 100 
standard deviations from the nontrans-
fected levels (Figure 2E). Expression 
of GFP in CGNs was seen in some cells 
at 6 h after transfection. By 10 h, about 
6% of all the nuclei (live and dead) had 
GFP positive cell bodies. In addition to 
GFP, human L1CAM was transfected 
with transfection efficiency of 9.9% ± 
5.4% (n = 12), and GAP43-YFP was 
transfected with transfection efficiency 
of 29.8% ± 9.6% (n = 6).

Viability

Because transfection often has 
adverse effects on neuronal viability, we 
evaluated parameters of cell health and 
viability in transfected neurons 1 or 2 
days after plating (examples of data from 
entire 96-well plates are provided in 
Supplementary Figure S1, C and E). An 
average of 37.0% ± 16.3% of the CGNs 
originally plated (18,000) remained 
alive after 2 days (n = 14 experiments). 
CGNs that were resuspended in INB 
but not electroporated had an average 
viability of 67.1% ± 9.7% (n =  4 
experiments). CGNs that were electro-
porated in INB, but with no cDNA had 
an average viability of 34.9% ± 8.7% 

(n = 7 experiments). Longer periods 
of incubation in the transfection buffer 
(INB) result in lower viability of cells. 
In our hands, if the time spent in INB 
is <15 min, the reduction in viability is 
minimal. Usually a 96-well plate can be 
set up within this time. Transfected cells 
were healthy with normal morphology 
and normal expression of proteins 
such as β-tubulin (Figure 3A). The 
nuclei of GFP-expressing cells had the 
same appearance as wild-type cultured 
neurons, by Hoechst staining, and were 
clearly not pyknotic (example Figure 

2, C and D, inset). Distributions of cell 
areas (Figure 3B) and neurite length 
(Figure 3C) for GFP-expressing cells 
were similar to those for nonexpressing 
or nontransfected cells. Thus, the 
transfected cells were viable, healthy, 
and good candidates for study. After 
6 days, we found that the number of 
GFP-expressing neurons stayed the 
same. The total number of neurons in 
the plate decreased (data not shown). 
Taking into account percent survival, 
transfection efficiency, and the optics 
of 96-well plates, we normally found 
50–100 transfected cells to study in the 
central one-third of the well. These are 
generally sufficient numbers of neurons 
for studies in which single cells can be 
assayed.

Identifying Transfected Cells by 
Co-Expression

With 20%–40% transfection 
efficiency, it is important to identify 
the transfected neurons so they can 
be analyzed as a distinct population. 
One method for such identification is 
cotransfection of a test plasmid with a 
reporter such as GFP. By optimizing 
the ratio of the two genes (2:5; GFP 
reporter:gene of interest), 90% of GFP 
positive cells were found to co-express 
a second cDNA of interest (Figure 4). 
Transfection of two plasmids, such 
as L1 and GFP did not affect neurite 
length (P = 0.08), cell area (P = 0.11), 
or tubulin intensity (P = 0.23) compared 
with neurons expressing GFP alone 
(Kruskal-Wallis test, see Supplementary 
Figure S3). For many applications, such 
as screening libraries of genes, it is not 
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Figure 3. Viability and health of transfected cerebellar granule neurons (CGNs). Data are presented 
as standard histograms for (A) tubulin immunofluorescence and (B) cell body area. (C) Total neurite 
length profile is presented as a cumulative probability histogram. In all plots, dashed lines represent neu-
rons that were electroporated without plasmid (not transfected, n = 539). Solid lines represent neurons 
that were electroporated with green fluorescent protein (GFP) cDNA, but were not expressing GFP after 
48 h (n = 263). Dotted lines represent GFP-expressing neurons in the same wells (n = 210). Total neurite 
length was included only for values >10 μm. In the histograms, the y-axis reports percentage of total 
neurons, normalizing for the different number of cells in the three populations.
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Figure 4. Co-expression of two plasmids. Green fluorescent protein (GFP) and the cell adhesion mol-
ecule L1 were cotransfected into cerebellar granule neurons (CGNs). The neurons were kept in culture 
for 48 h before being fixed and stained. (A) GFP fluorescence, (B) L1 immunofluorescence, and (C) β-
tubulin immunofluorescence were used to determine transfection efficiencies. (D) A merge of the three 
channels in panels A, B, and C. Note that there are three cells expressing GFP and L1, and a fourth cell 
that is only expressing L1. Scale bar, 100 μm.
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practical to directly analyze expression 
of every experimental gene. Thus, by 
cotransfecting a reporter gene, the 
experimenter can ensure a high proba-
bility of co-expression and use reporter 
expression as a surrogate for expression 
of the experimental gene.

DISCUSSION

The introduction of HCS methods 
into academic and biotech laboratories 
has enabled the screening of drugs and 
compounds for effects on cell differ-
entiation, cell signaling pathways, 
and various pathological conditions 
such as cancer. The extension of these 
methods to incorporate genomic 
approaches has been hindered in part 
by a lack of efficient and inexpensive 
ways to transfect primary cells, such 
as neurons, with hundreds of different 
DNAs. We have developed a 96-well-
based electroporation method that 
overcomes this hurdle. In addition to 
cDNA plasmids, vector-based short 
hairpin RNA (shRNA) could also be 
used to knockdown gene expression. 
Thus, libraries of shRNAs that block 
the expression of genes throughout the 
genome could be screened with this 
method. In our hands, knockdown of 
gene expression with small interfering  
RNAs (siRNAs) in neurons requires 
different transfection parameters, 
which we have not yet optimized.

Buffers

Different minimal buffers were 
examined for use in electroporation. 
Extracellular buffers such as HBSS, 
PBS, L-15, and Neurobasal media were 
tested. HBSS and PBS worked but still 
failed to give reasonable transfection 
efficiencies. Next, an intracellular buffer 
was tested with a simple formulation 
based on those used in the electrodes for 
whole-cell patch clamping of neurons. 
This buffer turned out to be essential 
for the success of our system. Due to 
the large numbers of cDNAs that need 
to be tested in genome-wide or even 
smaller screens, it is significant that 
this methodology use a buffer produced 
inexpensively with off-the-shelf 
chemicals. The proprietary reagents 
often used for transfection are rendered 
unnecessary—drastically reducing the 

cost of each transfection and making 
screens of large sets of genes possible 
for laboratories with modest budgets.

While we have not investigated the 
issue systematically, a variety of experi-
ments indicated that the presence of Ca2+ 
in buffers used to dissociate primary 
neurons is deleterious to cell survival 
and that the presence of Ca2+ during 
electroporation is especially harmful. 
We make every effort to prevent the 
introduction of Ca2+ into the various 
buffers. We now use Ca2+-free Hibernate 
media to dissociate our neurons.

Electroporation in Neurons

Several laboratories have reported 
successful transfection and protein 
expression in neurons after electro-
poration. Mertz and colleagues (8) 
used a Bio-Rad Laboratories system 
to transfect cerebellar neurons in basal 
media. They used 5 million cells/well 
and had a transfection efficiency of 
10.4% with a viability of 44%. This 
technique most closely resembles 
ours but requires the use of a much 
larger number of cells and is not 
high-throughput. Teruel et al. (9) used 
another method in which hippocampal 
neurons were electroporated after 
plating. They called this method micro-
poration, and they reported between 1% 
and 30% transfection efficiency. This 
system could potentially be modified to 
use multiple microporation heads and 
thereby be made compatible with high-
throughput applications. Organotypic 
culture systems are also commonly 
used as in situ ways to study neurons. 
Murphy and Messer (10) used BTX 
paddle electrodes to electroporate slice 
cultures and reported 26% transfection 
efficiency.

Amaxa Biosystems (Cologne, 
Germany) has helped to lead neurosci-
entists to more reliable and effective 
transfections with the introduction of 
their Nucleofector™ technology (2). 
Recently, Leclere and colleagues (11) 
used the Nucleofector technology 
successfully in transfection of retinal 
ganglion cells and dorsal root ganglia. 
Using Amaxa system’s proprietary 
solutions and transfection conditions, 
Leclere et al. achieved 28% and 20% 
transfection efficiency, respectively, 
with these two neuronal populations.

The electroporation methods 
described above have enabled a variety 
of studies on neuronal differentiation, 
synapse formation, and neuronal 
disease. However, they are not appro-
priate for projects in which hundreds 
or thousands of targets need to be 
screened. A significant problem with 
earlier methods concerns the numbers of 
cells needed per transfection. We have 
optimized the BTX transfection system 
to work with as few as 25,000 cells per 
transfection. This is significantly less 
than the 1 million or more required 
by most of the other methods listed 
above. Given that 6 million neurons 
can be derived from one postnatal 
mouse cerebellum, there are enough 
cells to test 240 different cDNAs using 
the present method. The alternatives 
mentioned above would require 40 mice 
for an experiment of similar scale.
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