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Abstract

Background—Exogenous gene introduction by transfection is one of the most important
approaches for understanding the function of specific genes at the cellular level. Electroporation
has a long-standing history as a versatile gene delivery technique /n vitro and in vivo. However, it
has been under-utilized /n vitro because of technical difficulty and insufficient transfection
efficiency.

New Method—We have developed an electroporation technique that combines the use of large
glass electrodes, tetrodotoxin-containing artificial cerebrospinal fluid and mild electrical pulses.
Here, we describe the technique and compare it with existing methods.

Results—Our method achieves a high transfection efficiency (~80 %) in both excitatory and
inhibitory neurons with no detectable side effects on their function. We demonstrate this method is
capable of transferring at least three different genes into a single neuron. In addition, we
demonstrate the ability to transfect different genes into neighboring cells.

Comparison with Existing Methods—The majority of existing methods use fine-tipped glass
electrodes (i.e., > 10 MQ) and apply high voltage (10 V) pulses with high frequency (100 Hz) for 1
second. These parameters contribute to practical difficulties thus lowering the transfection
efficiency. Our unique method minimizes electrode clogging and therefore procedure duration,
increasing transfection efficiency and cellular viability.
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Conclusions—Our modifications, relative to current methods, optimize electroporation
efficiency and cell survival. Our approach offers distinct research strategies not only in elucidating
cell-autonomous functions of genes but also for assessing genes contributing to intercellular
functions, such as trans-synaptic interactions.
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1. Introduction

Gene transfer is an essential approach in molecular biology, /7 vivo and in vitro, to elucidate
the function of a gene of interest. Various /n vitro gene transfer methods have been
developed based on three different approaches: biological (e.g. viral vectors), chemical (e.g.
lipid and calcium phosphate) and physical (e.g. biolistic gene gun and electroporation) (Kim
and Eberwine, 2010; Washbourne and McAllister, 2002). Viral vectors are highly efficient
and capable of delivering transgenes in a specific cell population by integrating genetic tools
(e.g. Cre-LoxP systems). However, specificity is limited to the development of genetic tools
(e.g. cell type-specific lines expressing Cre recombinase) and it is not possible to transfect
transgenes to individual cells. In addition, the packaging limitation of transgenes, and the
toxicity and potential hazard of viral vectors remain an issue. Chemical gene transfection is
a powerful approach /n vitro, but the types of cells transfected are highly random, and
application is mainly restricted to primary cells. The biolistic gene gun is a simple physical
gene transfer tool, but offers minimal control over cell-specific transfection and has low
transfection efficiency.

Electroporation has been considered one of the best and most versatile transfection methods.
The first /n vitroand in vivo electroporations were demonstrated in mouse lyoma cells
(Neumann et al., 1982) and skin cells (Titomirov et al., 1991), respectively. Since the first /n
vitro electroporation method was established in post-mitotic neurons using a field
microporator (Teruel et al., 1999), multiple /n vitro protocols have been developed to
provide higher specificity (Rathenberg et al., 2003; Tanaka et al., 2009; Wiegert et al., 2017).
These protocols demonstrate the feasibility of performing single-cell gene transfection in a
specified cell type. While Rathenberg et al. (2003) describe their method as highly efficient
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(up to 80 % in cortical neurons), thorough details regarding electroporation condition
optimization, besides improving cell membrane and pipette tip visualization under high
magnification, was not reported.

We identified technical challenges in performing these methods, thus lowering successful
gene transfection. The majority of published protocols use fine-tipped glass electrodes (i.e. >
10 MQ) and apply high voltage pulses with high frequency and long duration (i.e. 10 V
amplitude at 200 Hz for 1 second) (Rathenberg et al., 2003; Tanaka et al., 2009; Wiegert et
al., 2017). We identified two problems when attempting electroporation with these
experimental settings. First, we were not able to achieve a high transfection efficiency,
possibly due to cell death from application of strong electrical pulses. Second, we observed
pipette tip clogging with the plasmid-containing internal solution during repeated
electroporations. We found that a modified protocol, using larger glass electrodes and milder
electroporation parameters together with an innovative pressure cycling step, enables
transfection of genes of interest into both excitatory and inhibitory hippocampal neurons
with higher efficiency.

2. Materials and Methods

2.1. Animal and organotypic slice culture preparation:

2.2.

All animal protocols were approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Massachusetts Medical School. Organotypic hippocampal
slice cultures were prepared from postnatal 6- to 7-day-old mice of either sex, as described
previously (Stoppini et al., 1991). Mice were wild-type (C57BL/6J, Jax # 000664) or were
expressing interneuron-specific TdTomato (Sst-TdTomato), generated by crossing Sst-Cre
(Jax #013044) and a TdTomato reporter line (Jax #007905).

DNA constructs:

Enhanced green fluorescent protein (EGFP, Clontech), Tagblue fluorescent protein (Tag-
BFP, Evrogen) and Discosoma sp. red fluorescent protein variant 2 (DsRed2, Clontech)
genes were subcloned into a pCAG vector. Plasmids (0.1 pg / pl) were purified by
endotoxin-free purification kits (Qiagen Endofree kit) and were dissolved in internal
solution (see below) at 55 °C for 10-15 min, followed by storage at —20 °C.

2.3. Single-cell electroporation:

A standard whole-cell electrophysiology rig equipped with a mounted upright microscope
(Olympus BX61WI1) with a 60X objective lens was used. The head stage of the
electroporator (Axoporator, Molecular Devices) was installed in a regular micromanipulator
(Sutter) and speakers were connected to the electroporator. The borosilicate glass capillaries
with filament (2.0 mm, Warner Instruments) were pulled (P-1000, Sutter) to prepare glass
electrodes at a resistance of 3.5 — 6.0 MQ. The glass pipettes were baked at 200 °C overnight
for sterilization. Prior to the experiments, the perfusion lines were cleaned by perfusing with
bleach for 5 min followed by sterile deionized water for at least 30 min. The slice cultures
were perfused with aCSF consisting of (in mM): 119 NaCl, 2.5 KCl, 0.5 CaCl,, 5 MgCl,, 26
NaHCOs, 1 NaH,POy4, and 11 glucose, gassed with 5% C02/95% O, pH 7.4, unless
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otherwise noted. In some experiments, 0.001 mM tetrodotoxin (TTX, Hello Bio Inc) was
added to aCSF. The intracellular solution was filter sterilized (0.22 um, GP Millipore
Express PLUS membrane). Patch pipettes were filled with plasmid (0.1 pg / pl). The internal
solution was made with diethyl pyrocarbonate-treated water and consisted of (in mM): 140
K-methanesulfonate, 0.2 EGTA, 2 MgCl,, and 10 HEPES, pH adjusted to 7.3 with KOH.

The slice cultures were stored in a 5% C04/95% O, incubator at 35 °C and removed for
electroporation for no longer than 30 min to prevent unforeseen side effects, such as
homeostatic changes in neuronal function (Ibata et al., 2008). The method for approaching
cells with the electrode for electroporation is similar to the approach used for whole-cell
recording. Light positive pressure was applied during the approach to the target cell. After
observing the dimple on the cell surface (Figure 1A, top), mild negative pressure was
applied by mouth to form a loose seal between the glass tip and plasma membrane, thereby
increasing pipette resistance up to 2.5-fold above the initial resistance (Figure 1A, middle).
The plasma membrane was then expelled by applying mild positive pressure (Figure 1A,
top). This procedure, named “pressure cycling,” was repeated 3 — 4 times at a frequency of
approximately 1 cycle per second before the electrical pulse (amplitude: =5V, square pulse,
train: 500 ms, frequency: 50 Hz, pulse width: 500 ps) was applied during the final
application of negative pressure to the cell. The timing of the electroporation was
determined by listening for the tone in the speakers that reached a stable apex in pitch,
indicating peak electrical resistance. The pulse was sent after the peak resistance was held
for at least 1 second. After electroporation, the electrode was gently retracted approximately
100 pm from the cell without applying pressure to the electrode (Figure 1A, bottom). The
next electroporation attempt was then made by re-adding positive pressure to the electrode
as another cell was approached. Typically, 10 to 20 electroporations were performed per
electrode. Repeated electroporations sometimes caused the pipette resistance to increase
even when not in contact with a cell; pipettes whose resistance increased by more than 15%
of their initial resistance were discarded. High pipette resistance could be caused by
clogging, also indicated through an abnormal, consistent increase in tone between
electroporations; in most cases, positive pressure application relieved minor clogging. After
electroporation, the slice was transferred on a culture insert (Millipore) with slice culture
media (1 ml) (Stoppini et al., 1991) in a 3.5 cm petri dish and incubated in a 5% CO»,
incubator at 35 °C for up to 2-3 days.

2.4. Electrophysiology:

The extracellular solution for recording consisted of (in mM): 119 NaCl, 2.5 KCI, 4 CaCls, 4
MgCl,, 26 NaHCOg3, 1 NaH,POy, 11 glucose, and 0.01 2-chloroadenosine (Sigma), gassed
with 5% CO5 and 95% O», pH 7.4. Thick-walled borosilicate glass pipettes were pulled to a
resistance of 2.5 — 4.5 MQ. Whole-cell voltage clamp recordings were performed with
internal solution containing (in mM): 115 cesium methanesulfonate, 20 CsCl, 10 HEPES,
2.5 MgCly, 4 ATP disodium salt, 0.4 guanosine triphosphate trisodium salt, 10 sodium
phosphocreatine, and 0.6 EGTA, adjusted to pH 7.25 with CsOH. For current clamp
recordings, cesium in the internal solution was substituted with potassium. GABAx
receptor-mediated inhibitory postsynaptic currents (IPSCs) were measured at Vhold £ 0 mV.
Stimulus strength was set to produce an IPSC amplitude of 500 — 1000 pA in untransfected
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pyramidal neurons. a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor-
(AMPAR-) mediated excitatory postsynaptic currents (EPSCs) were evoked at Vhold =70
mV in the presence of picrotoxin (0.1 mM, Sigma). The stimulus strength was set to evoke
an AMPAR-EPSC amplitude of 50 — 200 pA. NMDAR-EPSCs were measured at Vhold +40
mV with picrotoxin and NBQX (0.003 mM, Ascent Scientific). 40 to 50 consecutive stable
postsynaptic currents were evoked at 0.2 Hz with a stimulating electrode placed in the
stratum radiatum of the hippocampal CA1 region. Recordings were performed using a
MultiClamp 700B amplifier and Digidata 1440, digitized at 10 kHz and filtered at 4 kHz
with a low-pass filter. Data were acquired and analyzed using pClamp (Molecular Devices).

2.5. Confocal imaging:

Images were acquired using a confocal microscope (LSM 700, Zeiss). Organotypic
hippocampal slice cultures were fixed in 4% paraformaldehyde (PFA) in 0.01 M phosphate-
buffered saline (PBS) for at least 30 min, then washed with PBS and plated onto glass
microscope slides with mounting media (Vectashield). The slices were then imaged with
10X, 25X, or 40X objective lenses at a size of 1024 x 1024 pixels. Each image collected was
a Z-series projection of x-y images taken at a depth interval of 1 pm. Image analysis was
performed using ImageJ software.

2.6. Statistical analyses:

Results are reported as mean £ SEM. The statistical significance was evaluated by two-way
ANOVA with post hoc Tukey for multiple comparison, Mann-Whitney U-test and Student’s
t-test for two-group comparison. Statistical significance was set at p < 0.05.

3. Results

3.1. Optimization of electroporation protocol:

The majority of published protocols for electroporation use sharp glass electrodes, typically
with a resistance of > 10 MQ, with high frequency stimulation (e.g. 10 V at 100 Hz for 1 s)
(Rathenberg et al., 2003; Tanaka et al., 2009; Wiegert et al., 2017). However, we found that
using these parameters resulted in poor transfection efficiency. We performed
electroporations to 42 CA1 pyramidal neurons in five slice cultures following the protocol
published by Rathenberg et al. (2003) (pipette resistance: 10-15 MQ, amplitude: =10 V,
square pulse, train: 1 sec, frequency: 25 Hz, pulse width: 1 ms), and obtained only 11
neurons transfected with EGFP (transfection efficiency: 26 %). Moreover, more than 80 %
of glass electrodes (12 out of 14) had clogging issues after 2 to 3 consecutive
electroporations. Therefore, we refined the classical electroporation protocol, testing
whether larger glass electrodes (3.5 — 6.0 MQ) could be used with the same voltage pulse of
=10 V used previously (Rathenberg et al., 2003). With this modification to pipette
resistance, we found that applying the electrical pulse immediately after applying the first
negative pressure was feasible and led to successful electroporation, although the
transfection efficiency did not reach 40 % (Figure 1B). We noticed that electroporation
following a single suction often caused strong adhesion of the plasma membrane to the
inside glass wall, which may result in significant physical damage to the cell and thus lead to
poor cell viability. During the course of protocol optimization, we found that cycling
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between positive and negative pressure at least 3—4 times (Figure 1A) was critical for
efficient electroporation. Following this pressure cycling, it was easier to retract the glass
electrodes from cell bodies with minimal damage. This method significantly increased our
transfection efficiency (~80 %) in hippocampal CA1 pyramidal neurons even with weaker
voltage pulses (=5 V) (Figure 1B-C). We also found that larger glass electrodes greatly
reduced the incidence of clogging during repeated electroporations. Most of the glass
electrodes (33 out of 41 glass electrodes) could be used to perform electroporations to more
than 10 neurons without significant clogging.

Next, we tested our protocol in hippocampal CA1 interneurons. Interneurons located in the
hippocampal CA1 oriens region were morphologically identified by their shape and relative
distance between neurons, as distinct from the pyramidal cell layer. To our surprise, the
transfection efficiency of our electroporation method in interneurons was much lower (~20
%) than that of pyramidal neurons (Figure 2A). We speculated that electroporation may
overexcite interneurons, leading to cytotoxicity and cell death. To test this, we used
tetrodotoxin (TTX), a sodium channel blocker, to minimize the propagation of excitation
induced by the voltage pulses during electroporation. Importantly, we found that the addition
of TTX to the perfusion media during electroporation significantly improved transfection
efficiency in hippocampal CAL inhibitory interneurons (Figure 2A). We did not see a
significant improvement in the transfection efficiency by TTX in CA1 pyramidal neurons.
With selective addition of TTX, our newly developed electroporation technique yields high
transfection efficiency in both excitatory and inhibitory neurons.

We next evaluated the versatility of gene delivery with this method. We first confirmed that
our technique could express at least three different transgenes simultaneously in the same
neuron (Figure 2B). This multi-gene expression capability will allow us to perform higher-
level studies of target gene functions, such as rescue approach to co-express sShRNA- and
shRNA-resistant transgene-containing plasmids in neurons. Next, electroporations were
performed using Tag-BFP-, EGFP- or DsRed2-containing internal solutions. We confirmed
that our method transmits different genes to different CA1 pyramidal neurons (Figure 2C).
Off-target labelling has been reported as a complication of single-cell electroporation
(Dempsey et al., 2015). To test whether our protocol causes non-targeted gene transfection,
we performed 140 electroporation trials without forming a loose seal between the glass tip
and plasma membrane (tested in seven slice cultures). We detected no transfected neurons in
the slice cultures indicating that correct cell-targeting by a loose seal is essential in our
method.

Basal inhibitory and excitatory synaptic transmission in electroporated CA1

pyramidal neurons:

Compared with other /n vitro electroporation methods, our method uses a larger glass pipette
with repeated pressure cycling, which may cause unforeseen side effects. To examine the
physiological effects of our electroporation method on neuronal function, simultaneous
whole-cell recordings of EGFP-transfected and untransfected CA1 pyramidal neurons were
performed. GABAR-mediated IPSCs and AMPAR- and NMDAR-mediated EPSCs were
measured by stimulating inhibitory and Shaffer collateral inputs (Figure 3A, B, C).
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Importantly, transfection of EGFP by electroporation produced no detectable differences in
the amplitude of GABAAR-IPSCs and AMPAR- and NMDAR-EPSCs. This preservation of
electrophysiological function is similar to what we have observed in EGFP-transfected cells
using a biolistic gene gun (Chen et al., 2014; Futai et al., 2013; Futai et al., 2007; Hasegawa
etal., 2017; Hoogenraad et al., 2010; Mao et al., 2018). Paired-pulse ratio (PPR) of
AMPAR-EPSC or GABAAR-IPSC responses, obtained by double stimulation of Shaffer
collateral or inhibitory inputs with a 50 ms interval, indicated comparable levels of
facilitation between transfected and untransfected (control) neurons, indicating that our
electroporation method does not affect presynaptic release probability (Figure 3D).

3.3. Membrane excitability is not altered in electroporated CA1l pyramidal neurons:

Neurons transfected with EGFP were compared to untransfected neurons to examine
whether electroporation affected action potentials (APs) and basic membrane properties
(Figure 4 and Table 1). CA1 pyramidal neurons transfected with EGFP exhibited no
significant difference in APs compared to untransfected control neurons (Figure 4A) and
showed no detectable abnormality in basic membrane properties (Table 1), indicating that
our electroporation method does not change neuronal excitability or membrane properties in
hippocampal CA1 pyramidal neurons.

3.4. Excitatory synaptic transmission and membrane excitability are not altered in
electroporated CA1 Sst-positive interneurons:

Our electroporation method enables us to transfect interneurons with high efficiency (Figure
2A). However, our results strongly suggest that interneurons are more susceptible to damage
from electroporation than pyramidal neurons, and it is possible that electroporation-induced
stress leads to altered interneuronal function. We therefore addressed whether our
electroporation approach causes any side effects on the physiological properties of
interneurons. Inhibitory interneurons are highly diverse and have different morphological
and electrophysiological properties in the hippocampus (Klausberger and Somogyi, 2008;
Somogyi and Klausberger, 2005), making it difficult to evaluate the impact of
electroporation. To overcome this issue, we generated mice with TdTomato labeling the Sst
interneuron population (Sst-TdTomato). Organotypic slice cultures were prepared from Sst-
TdTomato mice and EGFP was transfected into TdTomato-positive Sst-neurons in the
hippocampal CA1 oriens region (Figure 5A, left). Electrophysiological recordings from
EGFP-transfected and neighboring untransfected TdTomato-positive interneurons were
performed (Figure 5A). Importantly, AMPAR-EPSCs, PPR, membrane excitability and basal
membrane properties were not significantly different between EGFP-transfected and
untransfected Sst neurons (Figure 5B and C, Table 1), suggesting that our electroporation
approach does not cause any physiological impairment in Sst-expressing interneurons. It has
been reported that short-term application of TTX induces homeostatic synaptic scaling,
which may cause undesired changes in neuronal function (Ibata et al., 2008). To address this
concern, we compared the membrane excitability of Sst neurons in slices treated with or
without TTX for 30 min (Figure 5D, Table 2). Sst neuronal excitability was unchanged
regardless of treatment (Figure 5D) and showed no detectable abnormality in basic
membrane properties (Table 2), indicating that electroporation under TTX-containing aCSF
does not significantly affect the membrane properties of these interneurons.
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4. Discussion

Electroporation is a versatile method for /n vitro gene transfection but remains underutilized
due to procedural challenges and concerns regarding transfection efficiency. Our
electroporation method demonstrates high transfection efficiency in both excitatory and
inhibitory neurons and multi-gene transfection efficacy, and produces no noticeable side
effects on basal synaptic transmission, membrane excitability and basic membrane
properties.

The resistance of glass electrodes we used in this protocol (3.5 — 6 MQ) is standard for
whole-cell recordings. Therefore, laboratories that already perform whole-cell /in vitro
electrophysiology studies should be able to perform this method with minimal difficulty or
extra cost. Some recent studies have made significant advancements in their incorporation of
robotics into electroporation protocols, leading to significant improvements in temporal
efficiency of single-cell electroporation of excitatory neurons /n vitroand in vivo (Li et al.,
2017; Steinmeyer and Yanik, 2012). However, the cost of these instruments can serve as a
barrier for implementation, and it remains to be seen if the method is effective in inhibitory
neurons. Our pressure cycling step minimizes damage to cells after electroporation and
drastically increases transfection efficiency to about 80%, although the possibility of yet
undiscovered side effects cannot be ruled out.

We postulate that the usage of low resistance glass electrodes provides two benefits. First,
the combination of low resistance electrodes (5 MQ) with lower voltage pulses (=5 V) gives
milder electrical pulses to the neurons compared with the protocol used in Rathenberg et al.
(2003) (i.e. 10 MQ and 10 V). The theoretical voltage applied to the cells (V) is equal to
VIN*(Rc/(Re+R()) where V| is the command voltage, Rc is the resistance of the cleft
between the glass electrode and plasma membrane, and Rg is the resistance of the electrode
(Rae and Levis, 2002). By incorporating the typical range of R¢ (1 — 3 MQ), this formula
determines that the lower limit of the range of Vg in our protocol (using V|y =5 and Rg =5,
Vo =-0.71to —1.88 V) compared with Rathenberg’s parameters (using V|y = 10 and Rg =
10, Vo = -0.91 to —2.31 V) yields a milder pulse condition (Bae and Butler, 2006; Rae and
Levis, 2002). Second, the use of larger glass pipettes diminishes the incidence of pipette
clogging during repeated electroporations and allows for upwards of 20 consecutive
electroporations with a single pipette, greatly reducing the difficulty and duration of the
procedure.

It is unclear why interneurons are especially vulnerable to damage by electroporation
(Figure 2A). It has been suggested that immature neurons are more vulnerable to stress
factors compared to mature neurons (Pfisterer and Khodosevich, 2017), and the postnatal
maturation of excitatory neurons in the hippocampus precedes that of inhibitory interneurons
(Danglot et al., 2006). Therefore, it is possible that we have tested excitatory and inhibitory
neurons at different maturation stages in early development, which may explain the latter’s
distinct vulnerability to electroporation. Notably, inclusion of TTX led to much higher
transfection rates (Figure 2), suggesting that electroporation-related action potential
propagation contributes to toxicity to interneurons. Indeed, we achieved high rates of
transfection of EGFP into TdTomato-expressing Sst interneurons (Figure 5A). Most studies
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elucidating gene function by utilizing overexpression and knockdown approaches have
focused on excitatory neurons, which occupy more than 80 % of the total neuronal
population in both the hippocampus and cortex (Bezaire and Soltesz, 2013; Sahara et al.,
2012). Our technique, combining single-cell electroporation and fluorescent mouse models
holds significant potential for assessing the role of specific genes of interest in virtually any
neuronal subtype. In addition, this method enables us to perform transfection of different
genes in near-adjacent cells (Figure 2C), a complex task that is much more difficult to
accomplish using other gene transfer methods. This new protocol greatly increases the
feasibility of studying protein-protein interactions between cells, such as trans-synaptic
protein interactions, as we have previously performed using less efficient methods (Futai et
al., 2013).

Conclusion

Single-cell electroporation is a powerful tool to express genes in specific neuronal cell types
and populations. However, suboptimal transfection efficiency and labor-intensive procedures
are major drawbacks to existing methods. We utilized microelectrodes with a larger opening
and gentler electrical pulse settings together with a pressure cycling step to improve this
method. We demonstrated that these strategies dramatically increased transfection efficiency
and reduced procedural difficulties such as pipette clogging. For investigators who find
electroporation unreliable or impractical due to its low efficiency, this new protocol will
enable more ambitious and complex studies of gene function, including studies that focus on
specific neuronal subpopulations.
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Highlights
. Current electroporation methods have low efficiency, limiting their usefulness
. Our approach achieves 80% transfection efficiency in hippocampal
organotypic slices
. The method is effective in both excitatory and inhibitory neurons
. This novel technique will greatly benefit /n vitro studies of neuronal function
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Figure 1. Electroporation procedure.
(A) The experimental flow of the electroporation procedure. Immediately after confirming

the dimple on the cell body (top), mild negative pressure was applied by mouth (middle).
This cycle was rapidly repeated three to four times after which electroporation was applied.
Afterward, the glass electrode was gently removed from the cell body without applying
pressure (bottom). (B) Summary bar graph of the transfection efficiency in CAL pyramidal
neurons using two different methods: applying electroporation either immediately after the
first negative pressure (Single, left bar) or after 3—4 cycles of pressure (Pressure Cycling,
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right bar). Each symbol represents the transfection efficiency obtained from one organotypic
slice culture (5 slice cultures from 2 mice for each condition). Student’s t-test: total number
of transfected and electroporated neurons: single suction, 56 transfected neurons/ 158
electroporated neurons; pressure cycling, 112/ 143. ***p<0.001. Data shown are means +
SEM. (C) Confocal image of EGFP-transfected hippocampal CA1 pyramidal neurons.
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Figure 2. Validation of the electroporation method in both excitatory and inhibitory neurons.
(A) TTX improves the transfection efficiency in inhibitory but not excitatory hippocampal

neurons. (Left) Confocal image of EGFP-transfected interneurons in the hippocampal CA1
oriens region. Interneurons were identified by morphology and anatomy. (Right) Summary
bar graph of the transfection efficiency of excitatory and inhibitory neurons with or without
TTX. Each symbol represents the transfection efficiency obtained from one organotypic
slice culture. Numbers in each bar represent the numbers of transfected (numerator) and
electroporated (denominator) neurons. Student’s t-test: n = 5 — 7 slice cultures from 2 mice
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for each condition. Data shown are means + SEM. ***p<0.001, n.s.: not significant. (B)
Confocal images of Tag-BFP, EGFP, and DsRed? triple gene transfection by electroporation
in hippocampal CA1 pyramidal neurons. Internal solution contained 33 ng / pl of each
plasmid. Note that all transfected pyramidal neurons expressed all three co-transfected
genes. (C) Confocal images of three non-overlapping gene transfections using Tag-BFP,
EGFP and DsRed? electroporated in hippocampal CA1 pyramidal neurons. Three different
gene plasmids, Tag-BFP, EGFP, and DsRed2, were loaded into glass pipettes one at a time,
and three sets of electroporations were done sequentially in different neurons. The middle
left neuron that showed up as yellow was electroporated with both EGFP and DsRed?2,
leading to their co-expression.
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Figure 3. Comparable levels of basal synaptic transmission between EGFP-transfected and
untransfected CA1 pyramidal neurons.

Electroporation of pCAG-EGFP plasmid by our modified transfection method did not alter
inhibitory and excitatory synaptic transmission in hippocampal CA1 pyramidal cells.
Recordings were carried out 2 — 4 days following transfection. (A-C) (Top) Sample
postsynaptic current (PSC) traces mediated by GABAARS (A), AMPARs (B) and NMDARs
(C) from pairs of transfected neurons (Trans, gray traces) and neighboring untransfected
neurons (Untrans, black traces). Stimulus artifacts were truncated. PPF: paired-pulse
facilitation, PPR: paired-pulse depression. (Bottom) Scatter plots of GABAAR-, AMPAR-,
NMDAR- mediated PSC amplitude. Each pair of transfected and neighboring untransfected
cells are presented as open symbols. Filled symbols indicate the mean. (D) Paired-pulse ratio
(PPR) of AMPAR-EPSCs and GABAAR-IPSCs recorded from transfected and untransfected
neurons, as indicated. Left, sample traces, with superimposed EPSCs and IPSCs. Middle,
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summary graph of AMPAR-PPR. The PPR was calculated by dividing the average amplitude
of the second EPSC by that of the first EPSC. Right, summary graph of GABAAR PPR. The
PPR was calculated by subtracting the averaged traces of single stimulation. Mann-Whitney
U-test: number of cell pairs tested: GABAaR-IPSCs, 14 pairs/ 2 mice; AMPAR-EPSCs, 19/
2; NMDAR-EPSCs, 11/ 2. Number of slice cultures is equal to that of pairs. n.s.: not
significant. Data shown are means + SEM.
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Figure 4. Membrane excitability is not altered by electroporation of CA1 pyramidal neurons.
A pCAG-EGFP plasmid was transfected using our protocol and cells were studied to assess

neuronal excitability. (Top) Sample traces from untransfected and transfected CA1
pyramidal neurons in organotypic hippocampal slice cultures. The superimposed traces were
elicited by current injections of —100, 0, 200, 500 and 900 pA for 200 ms. (Bottom)
Summary graph of the frequency of action potentials in untransfected and transfected
neurons. The input—output relationship (number of spikes elicited vs. amount of current
injection over a 200 ms duration) was plotted for untransfected and transfected neurons.
Neurons were held at resting membrane potentials. Two-way ANOVA with post hoc Tukey:
number of cells tested: untrans, 9 cells from 2 mice (9/ 2); trans, (10/ 2). n.s.: not significant.
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Figure 5. Comparable levels of excitatory synaptic transmission and membrane excitability in
electroporated CAL Sst-positive inhibitory interneurons.

(A) Configuration of dual whole-cell recording, superimposed TdTomato (left) or EGFP
(right) fluorescent and Nomarski images, respectively. (B) (Top) Sample traces mediated by
AMPARs obtained from pairs of transfected (Trans, gray traces) and neighboring
untransfected Sst-expressing interneurons (Untrans, black). Stimulus artifacts were
truncated. (Bottom left) Scatter plot of AMPAR-EPSC amplitude. Each pair of transfected
and neighboring untransfected Sst cells are presented as open symbols. Filled symbols
indicate the mean £ SEM. (Bottom right) Summary graph of AMPAR-PPR. PPR of
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AMPAR-EPSCs recorded from trans- and untransfected Sst neurons, as indicated. Number
of cell pairs tested: AMPAR-EPSCs, 14 cells/ 2 mice. n.s.: not significant. (C, D) Effect of
GFP electroporation (C) and TTX-treatment (D) on neuronal excitability in Sst neurons.
(Top) Sample traces from untransfected and transfected (C), and mock- and TTX-treated (D)
CAL Sst cells. The superimposed traces were elicited by current injections of —100, 0, 200,
500 and 900 pA for 200 ms. (Bottom) Summary graph of the frequency of action potentials
in GFP transfected (C) and TTX-treated (D) Sst neurons. The input—output relationship was
plotted for untransfected and transfected neurons. Neurons were held at resting membrane
potentials. Two-way ANOVA with post hoc Tukey: number of cells tested: untrans, 8 cells
from 2 mice (8/ 2); trans, (11/ 2); mock, (10/2); TTX (10/2).
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