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bstract

Various techniques have been applied for the functional analysis of synaptic transmission in cultured neurons. Here, we describe a method of
tudying synaptic transmission in neurons cultured at high-density from different brain regions such as the cortex, striatum and spinal cord. We use
ostsynaptic whole-cell recordings to monitor synaptic currents triggered by presynaptic action potentials that are induced by brief stimulations
ith a nearby extracellular bipolar electrode. Pharmacologically isolated excitatory or inhibitory postsynaptic currents can be reliably induced, with

mplitudes, synaptic charge transfers, and short-term plasticity properties that are reproducible from culture to culture. We show that the size and
inetics of pharmacologically isolated inhibitory postsynaptic currents triggered by single action potentials or stimulus trains depend on the Ca2+
oncentration, temperature and stimulation frequency. This method can be applied to study synaptic transmission in wildtype neurons infected with
entiviruses encoding various components of presynaptic release machinery, or in neurons from genetically modified mice, for example neurons
arrying floxed genes in which gene expression can be acutely ablated by expression of Cre recombinase. The preparation described in this paper
hould be useful for analysis of synaptic transmission in inter-neuronal synapses formed by different types of neurons.
 2006 Elsevier B.V. All rights reserved.
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. Introduction

Primary neuronal cultures have been extensively used for the
haracterization of the functional properties of synapses and
or studies of the synaptic effects of pharmacological agents,
xpressed proteins, and genetic modifications. In studying
ynaptic transmission, the development of whole-cell voltage-
lamp techniques with a high resolution was instrumental
Hamill et al., 1981), as was the availability of specific receptor
lockers that enabled monitoring physiologically and pharma-
ologically isolated postsynaptic currents.

In cultured neurons, two principal approaches have tradi-
ionally been used to analyze synaptic transmission: recordings

rom mixed populations of neurons that are cultured at relatively
igh density and form inter-neuronal synapses, and recordings
rom isolated neurons that form autapses. These approaches dif-
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er in how presynaptic inputs are activated, but share the same
undamental postsynaptic voltage-clamp recording technique.

In recordings from mixed populations of neurons, presynaptic
nputs can be stimulated by several techniques. These include:
1) the localized application of electrical pulses (Kirischuk et
l., 1999; Kirischuk and Grantyn, 2003; Chen et al., 2004) or of
solution containing elevated K+ (Liu and Tsien, 1995a,b) to

ndividual synapses that are visualized with fluorescent dye, (2)
he depolarization of patched presynaptic neurons in a paired-
ecording configuration (Bi and Poo, 1998), or (3) electrical field
timulations that activate all neurons on a plate (Schoch et al.,
001; Deak et al., 2004).

In all of these recordings of synaptic transmission from mixed
igh-density cultures, pre- and postynaptic elements are being
nalyzed that are formed by separate neurons, inter-neuronal
ynapses are examined. In contrast, in recordings of synap-
ic transmission in autapses, pre-and postsynaptic elements are

tudied that are derived from the same single isolated neuron.
pecifically, neurons are induced to form autapses by culturing

hem on microislands of glia cells, and are analyzed with a single
hole-cell pipette that serves both as the presynaptic stimulation

mailto:Thomas.Sudhof@UTSouthwestern.edu
dx.doi.org/10.1016/j.jneumeth.2006.10.009
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lectrode and as the postsynaptic recording electrode (Bekkers
nd Stevens, 1991; Fernandez-Chacon et al., 2001; Pyott and
osenmund, 2002; Otsu et al., 2004). The recording configu-

ation in autapses enables monitoring of synaptic transmission
etween well-defined pre-and postsynaptic inputs, and makes
t possible to achieve quantitative reproducible recordings of
ynaptic transmission. In contrast, in mixed high-density cul-
ures of neurons it is difficult to achieve presynaptic stimulations
hat are reproducible from culture to culture, and thus diffi-
ult to quantitate synaptic parameters. For example, although
ocal stimulations allow a kinetic analysis of pre- and postsy-
aptic parameters of single synaptic boutons at high resolution,
ariations in the size of postsynaptic currents between individ-
al synapses complicate quantitative analysis of release (Liu
nd Tsien, 1995a). Paired recordings provide a valuable tool
or studying synaptic transmission between well-defined pairs
f synaptically connected neurons (Bi and Poo, 1998), but are
abor-intensive, and cannot be easily standardized because the
umber of synaptic connections between neurons varies (Maxi-
ov and Südhof, unpublished observations). Field-stimulations
ay be the simplest and most reproducible method of presynap-

ic stimulation, but the stimuli are not homogeneous across the
eld, are not suitable for high-resolution analyses, and often are
o large that they can lead to significant artifacts.

Although autaptic microisland cultures have many advan-
ages over mixed high-density cultures of neurons for recording
urposes, autapses also exhibit disadvantages. It is unlikely
hat autapses are physiologically identical to ‘normal’ synapses
ormed between different pre- and postsynaptic neurons. Indeed,
nalyses of synaptic transmission in neurons lacking the cal-
ium sensor for synaptic vesicle exocytosis, synaptotagmin-1,
erformed in autaptic or mixed cultures resulted in differences
etween spontaneous release phenotypes (Geppert et al., 1994;
aximov and Südhof, 2005; Pang et al., 2006a). Furthermore,

ynaptic plasticity is difficult to analyze in autapses. Moreover,
ynaptic responses in autapses also differ dramatically from cul-
ure to culture, a finding that is counterintuitive considering the
act that in autapses one would expect neurons to form the same
umber of synaptic contacts since a variation of culture density
s not an issue.

In this study, we describe an approach to analyze inhibitory
nd excitatory synaptic transmission triggered in mixed high-
ensity cultures of neurons that uses well-established methods to
void some of the problems mentioned above. We employ local
timulation of presynaptic inputs via bipolar electrodes that are
laced near the soma of the postsynaptic neuron that is being
nalyzed. We show that such stimulations reliably evoke neu-
otransmitter release by eliciting action potentials in synaptic
nputs formed by multiple axons from neighboring presynap-
ic cells. The size of the synaptic responses is reproducible
rom culture to culture. We demonstrate that the magnitude of
harmacologically isolated GABAergic inhibitory postsynap-
ic currents (IPSCs) triggered by isolated stimuli depends on the

umber of activated presynaptic inputs, the temperature, and the
oncentration of extracellular calcium. We further describe that
he kinetics of synaptic responses triggered by high-frequency
timulus trains depends on the concentration of free extracellular
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alcium, the rate of intracellular calcium buffering, the temper-
ture and the stimulation frequency, suggesting that synapses
riggered by extracellular stimulation display normal calcium
ensitivity and short-term plasticity. Our data indicate that stim-
lation via local bipolar electrodes enables the monitoring of
ynaptic transmission in cultured neurons in near-physiological
onditions. We recently employed this method to study the reg-
lation of neurotransmitter release in wildtype neurons infected
ith lentiviruses expressing various components of the synaptic
esicle release machinery (Tang et al., 2006), and in neurons
rom genetically modified mice (Maximov and Südhof, 2005;
o et al., submitted for publication; Pang et al., 2006b).

. Materials and methods

.1. Neuron culture

Cells in the spinal cord of E13.5–14.5 mouse pups, or the cor-
ex, hippocampus, or striatum of E18 or P0 mouse or rat pups
ere dissociated by incubation for 7 min at 37 ◦C in digestion

olution containing 6 mg/ml trypsin (Sigma, Cat# T1005-1G),
.5 mg/ml DNAse (Sigma, Cat# D5025) and (in mM) 137
aCl, 5 KCl, 7 Na2HPO4, and 25 HEPES–NaOH pH 7.2. The
issociated cells containing neurons were then washed once
ith Hank’s balanced salt solution (HBS) containing 20% fetal
ovine serum (FBS) followed by two washes in serum-free HBS,
nd further dissociated by gentle pipetting in HBS containing
2 mM MgSO4 and 0.5 mg/ml DNAse. The cell suspension was
entrifuged for 10 min at 160 g and plated on Matrigel (Collabo-
ative Biomedical Products, Cat# 871-275-0004) coated circular
lass coverslips (Ø 12 mm) in MEM (Invitrogen) supplemented
ith B27 (Invitrogen, Cat# 17504-044), glucose, transferrin and
% fetal bovine serum. For cortical cultures, the cell suspension
btained from the cortex of a single brain was used to plate 12
ells in a 24-well plate. For striatal cultures, the cell suspen-

ion obtained from striatum of a single brain was used to plate 3
ells. For spinal cord culture, ventral horn stripes from thoracic

o lumber segments were used to plate 12 wells. For all cultures,
he initial cell density (including glia) at plating varied between
500 and 2500 mm−2. When the density of glia cells in the cul-
ure reached ∼40–50% (usually 2 days after plating), 50% of the
onditioned culture medium was replaced with fresh medium
ontaining 4 mM Ara-C (Sigma). The cultures were maintained
n medium containing 2 mM Ara-C until experiments (13–18
IV). The described procedure can also be used for older pups

P1–P3); however, we found that survival of neurons in culture
rogressively decreases with the age of animals.

.2. Electrophysiology

In the standard protocol, a neuron intended for postsynap-
ic recordings was patched with pipettes that were pulled from
orsilicate glass capillary tubes (Warner Instruments, Cat# 64-

793) using a PP830 pipette puller (Narishige). The whole-cell
ipette solution contained (in mM) 135 CsCl, 10 HEPES, 1
GTA, 1 Na-GTP, 4 Mg-ATP and 10 QX-314 (pH 7.4, adjusted
ith CsOH). The resistance of pipettes filled with the intra-
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ellular solution varied between 4 and 5 M�. After formation
f the whole-cell configuration and equilibration of the intra-
ellular pipette solution, the series resistance was adjusted to
0 M�. Cells whose initial Rs exceeded 15 M� were excluded
rom analysis. Synaptic currents were monitored with Multi-
lamp 700 A amplifier (Molecular Devices). Presynaptic inputs
ere stimulated with a bipolar electrode (FHC; www.fh-co.com;
at# CBAEC75-Concentric Bipolar Electrode OP: 125 �m SS;

P: 25 �m Pt/l) that was placed nearby the patched neuron and
sed to apply a 0.9 mA, 1 ms current injection. The distance
etween the tip of stimulation electrode and the cell body of
ostsynaptic neuron varied between 100 and 150 �m. This vari-
bility had no dramatic effect on the sizes of evoked responses.
n experiments shown in Fig. 3, evoked responses were trig-
ered by stimulations of variable intensity and constant duration
0.1–1.5 mA/1 ms) or constant intensity and variable duration
0.9 mA/0.1–1 ms). The frequency, duration, and magnitude of
he extracellular stimulus were controlled with a Model 2100
solated Pulse Stimulator (A-M Systems, Inc.) synchronized
ith Clampex 9 data acquisition software (Molecular Devices).
he bath solution contained (in mM) 140 NaCl, 5 KCl, 0.8
gCl2 or 2 MgCl2, 10 HEPES, 10 glucose (pH 7.4, adjusted
ith NaOH) and various concentrations of free extracellular

alcium. Inhibitory and excitatory postsynaptic currents were
harmacologically isolated by adding AMPA and NMDA recep-
or blockers CNQX (20 �M) and APV (50 �M) or GABAA
eceptor blockers bicucullin (20 �M) or picrotoxin (50 �M) to
he extracellular bath solution. Spontaneous miniature inhibitory
ostsynaptic currents (mIPSCs) were monitored in the presence
f tetrodotoxin (1 �M) to block action potentials. The tempera-
ure in the recording chamber was controlled by TC344B dual
emperature controller (Warner Instruments).

.3. Data analysis

Postsynaptic currents were sampled at 10 kHz and analyzed
ff-line using Clampfit 9 (Molecular Devices) and Origin7
oftware (Mocrocal Inc.). For graphic representation, the
urrent traces shown in Figs. 6A, 7E and 8G and 9B were
ltered by 50 Hz low-pass Gaussian filter to remove the stimulus
rtifacts. The amplitudes of NMDA EPSCs recorded at +40 mV
ere calculated at 50 ms after stimulus application to rule out

ontamination with outward AMPA currents. To measure the
requency of spontaneous release or amplitudes of synchronous
PSCs during the stimulus trains, individual mIPSCs or IPSCs
ere collected using the pClamp template search function.
he time constants for equilibration of pipette solution were
etermined by approximating the plots of mIPSC frequencies
r IPSC amplitudes as a function of time after break-in to single
xponential fit (y = y0 + A1 × exp(−(x − x0)/τ1), where y is the
IPSC frequency or IPSC amplitude, x the time after break in

nd τ1 is the equilibration time constant. The time constants
f single evoked IPSCs were determined by approximating

he cumulative charge histograms to a double exponential
t (y = y0 + A1 × exp(−(x − x0)/τ1) + A2 × exp(−(x − x0)/τ2)
here y is the normalized cumulative charge transferred by

ingle IPSC, x the time after stimulation and τ1 and τ2 are the
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ime constants for fast and slow components. The apparent
ffinity for extracellular Ca2+, was determined by approxi-
ating the IPSC dose–response plot with the Hill function

I = Imax/(1 + (Kd/[Ca2+])n) where I is the amplitude of synaptic
urrent, Imax the maximal amplitude, Kd the apparent dissoci-
tion constant for extracellular Ca2+, [Ca2+] the extracellular
a2+ concentration, and n the apparent cooperativity. Statistical
nalysis was performed with Student’s t-test (*P < 0.001). All
ata shown are means ± S.E.M.s.

. Results

.1. Monitoring evoked excitatory and inhibitory
ostsynaptic currents

We prepared mixed cell cultures from the cortex, hippocam-
us, and striatum of embryonic E18 or postnatal P0 rat or
ouse pups or spinal cords of embryonic E13.5–14.5 mouse

ups. The cells were dissociated by trypsin digestion, plated at
elatively high density (1500–2500 mm−2) on Matrigel-coated
ircular glass coverslips, and cultured for 13–18 days. At this
tage in culture, neurons develop a fully polarized phenotype
ith extensive synaptic networks (Fig. 1A and data not shown),

nd display robust postsynaptic responses (see below). We used
hole-cell recordings to monitor synaptic currents in response

o presynaptic action potentials. The technique described here
o induce presynaptic action potentials was developed because
ther stimulation methods had multiple disadvantages, prompt-
ng us to explore the use of stimulations by a local electrode that
s placed at a defined distance from the patched postsynaptic
euron. The stimulating electrode was placed into the record-
ng chamber near the upper surface of the glass coverslip with
he attached neurons within 100–150 �m from the soma of the
atched neuron (Fig. 1A).

To monitor inhibitory postsynaptic currents (IPSCs), we used
pipette solution containing 135 mM Cl− as a charge carrier

nd 10 mM QX314 as a blocker of sodium currents in the post-
ynaptic cells, and maintained the holding potential at −70 mV.
xcitatory AMPA and NMDA receptors were blocked by adding
NQX (20 �M) and APV (50 �M) to the extracellular bath

olution. Under these conditions, IPSCs manifested as inward
urrents (Fig. 1B and E). We found that brief injections of cur-
ent (0.9 mA for 1 ms) through the stimulating electrode induced
obust IPSCs in neurons isolated from cortex, striatum and spinal
ord (Fig. 1B, D and E). The IPSCs immediately followed the
timulus application and could be completely abolished by bath
pplication of the sodium channel blocker tetrodotoxin (1 �M),
uggesting that postsynaptic responses were elicited by action
otentials that trigger neurotransmitter release in presynaptic
erminals contacting the patched neuron (Fig. 1B). In cortical
ultures, the IPSCs were completely suppressed by extracellu-
ar application of GABA receptor blocker bicucullin (20 �M),
ndicating that in these neurons postsynaptic responses were

xclusively induced by GABAA receptors and were not con-
aminated with other types of postsynaptic currents (Fig. 1B). In
ontrast, in neurons isolated from the spinal cord, postsynaptic
esponses were only partially blocked by bicucullin but were

http://www.fh-co.com/
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Fig. 1. Monitoring inhibitory and excitatory synaptic transmission in primary
cultured neurons. (A) Representative superimposed DIC and fluorescent images
of a mixed high-density culture of neurons from mouse cortex with a patch
pipette attached to the cell body of the postsynaptic neurons, and the local
stimulation electrode placed nearby. The patch pipette was filled with fluorescent
dye Lucifer yellow to visualize the neuronal processes. The tip of stimulation
electrode is marked by white arrow. (B) Representative inhibitory postsynaptic
currents (IPSCs) recorded from cortical neurons in the presence of the AMPA
and NMDA receptor blockers CNQX (20 �M) and APV (50 �M). Note that
synaptic responses are completely blocked by bath application of 1 �M sodium
channel blocker tetrodotoxin (TTX, upper trace) or 20 �M GABAA receptor
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ompletely suppressed by bicucullin combined with strychnine
10 �M), suggesting that in these neurons IPSCs are mediated
y both GABAA and glycine receptors (Fig. 1E).

To monitor evoked excitatory postsynaptic currents (EPSCs),
e performed recordings from cortical neurons maintained at
70 mV in a bath solution containing GABA receptor blocker

icrotoxin (PTX, 50 �M). Under these conditions, stimulations
ith the local electrode induced inward currents with a time

ourse typical for fast AMPA-type EPSCs (Fig 1C). Since
nalysis of excitatory transmission was complicated by occa-
ional network activity (see discussion below in Section 3.7),
e first focused on the characterization of inhibitory synaptic

ransmission. We analyzed cortical neuronal cultures because
hese cultures can be easily prepared in relatively large scale
rom embryonic or postnatal animals, although the results sim-
larly apply to neurons prepared from the hippocampus (data
ot shown). The preparation described here can be applied to
tudy synaptic transmission in wildtype neurons infected with
entiviruses encoding various components of presynaptic release

achinery (Tang et al., 2006), or in neurons from genetically
odified mice, for example neurons carrying floxed genes in
hich gene expression can be acutely ablated by expression of
re recombinase (Ho et al., submitted for publication).

.2. Parameters for whole-cell recording of postsynaptic
urrents

Measurements of synaptic currents using whole-cell record-
ngs can be affected by several artifacts, including limited
iffusion of the pipette solution into the cell resulting in vari-
bility in intracellular concentration of the charge carrier (Cl−),
ncomplete blockage of voltage-dependent sodium channels that

ay contaminate postsynaptic responses, changes in the series
esistance (Rs) during recording, poor space clamp, and stimu-
us artifacts that may overlap with the initial phase of IPSCs and
ould make it difficult to analyze the IPSC amplitudes and the

ise times.
.2.1. Equilibration after break-in and block of sodium
hannels

To estimate the rate of equilibration of the pipette solution
ith the cytosol, we recorded spontaneous miniature IPSCs

locker bicucullin (BIC, lower trace), indicating that IPSCs are elicited by action
otentials induced in axons nearby, and are not contaminated with other types
f currents. Scale bars apply to all traces. In this and panels C–E, postsynaptic
urrents were triggered by 0.9 mA extracellular stimulations applied for 1 ms
ia a local bipolar electrode and recorded in whole-cell mode. QX314 (10 mM)
as added to the pipette solution to block the sodium currents in postsynaptic
eurons. Arrows indicate the times of stimulations. (C) Excitatory AMPA-type
ostsynaptic currents (EPSCs) recorded from cortical neurons in the presence
f GABA receptor blocker picrotoxin (PTX, 50 �M). (D–E) Typical IPSCs
onitored in the presence of CNQX (20 �M) and APV (50 �M) from cultured

eurons isolated from striatum (D) and spinal cord (E). Note that in spinal cord
ultures, postsynaptic currents are only partially blocked by bicuculline (BIC),
ndicating that IPSCs in these cultures are mediated by both GABA and glycine
eceptors. Glycinergic currents recorded in the presence of bicucullin could be
ompletely blocked by 10 �M strychnine (BIC + STR).
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Fig. 2. Spontaneous and evoked inhibitory responses reach steady-state levels during the first minute after formation of the whole-cell patch (i.e., after break-in). (A)
Typical examples of spontaneous miniature IPSCs (mIPSCs) monitored from cortical neurons for 20 s immediately after break-in (top trace) and 100 s after break-in
(bottom trace). Scale bars apply to both traces. (B) Average numbers of individual mIPSC events monitored from three different neurons for every 10 s after break-in
plotted as a function of time and approximated to a single exponential fit (solid curve; time constant = 21 s). (C) Evoked IPSCs triggered by 0.1 Hz stimulations and
recorded immediately after break-in. Arrow indicates the stimulus artifact. Dotted box shows the area expanded in panel D. (D) Expanded initial segments of evoked
IPSCs# 1–3 and 10–12 of the experiment shown in panel C (dotted box). Arrows indicate the stimulus artifacts, IPSC on-set, and sodium currents that occasionally
contaminate the first IPSCs after break-in. Note that postsynaptic currents progressively increase in size reaching a plateau during first minute after break-in. (E)
Average amplitudes of IPSCs monitored at 0.1 Hz from 12 different neurons were plotted as a function of time after break-in. IPSCs amplitudes are shown as absolute
values; data were approximated to a single exponential fit (solid curve; time constant = 29 s). (F) Expanded initial segments of evoked IPSCs triggered by 10 Hz
s d by a
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timulus train applied for 10 s. Note that the shapes of stimulus artifacts (marke

mIPSCs) immediately after formation of whole-cell configu-
ation on the postsynaptic neuron (break-in). We found that the
requency of spontaneous mIPSC events progressively increased
fter break-in, reaching a plateau after ∼40 s (Fig. 2A and B).
imilar to the spontaneous events, we found that evoked IPSCs
onitored at 0.1 Hz progressively increased in size after break-

n, also reaching a plateau after ∼40 s (Fig. 2C–E). The first
everal postsynaptic responses observed after break-in were fre-
uently contaminated with sodium currents, most likely because

he concentration of QX314 inside the cells was too low to com-
letely block the Na+ channels. In contrast, no contamination
ith sodium currents was observed when IPSCs were monitored

fter 1–2 min upon formation of the whole-cell patch (Fig. 2D).

b
t
t
R

rrows) do not change during the high-frequency trains.

hus, we always allowed a 2 min delay after break-in before
ollecting the data to measure the frequency and the amplitudes
f spontaneous mIPSCs and the amplitudes of evoked IPSCs.

.2.2. Series resistance (Rs) during recording, space clamp
roblems and stimulus artifacts

Common whole-cell recording problems can arise from sev-
ral sources. First, a poor space clamp can arise from a poor
oltage clamp at the soma, which is frequently caused by poor

reak-in or an inadequate series resistance compensation. We
ested if the series resistance contributed to the measured ampli-
ude of synaptic current by testing for a correlation between the
s and the amplitude of evoked responses across cells. We found
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slight but significant correlation between these parameters
r2 = 0.26; data not shown) for Rs below 15 M�. For this reason
e culled all cells whose initial Rs exceeded 15 M� and com-
ensated Rs to 10 M� prior recordings. Second, local changes
n the membrane potential caused by, for example, synaptic
nput can diminish the driving force at eletrotonically near-by
ynapses and thus lead to an underestimate of evoked IPSCs
ecorded from the cell body. Given the relatively large size of
he evoked IPSCs, we cannot eliminate the possibility that this
ffect exists, and it is particularly important to take into consid-
ration when trying to interpret trains of evoked currents. Third,
pace clamp errors can arise if the measured synaptic inputs
re electronically distant from the clamped cell body. Although
his problem most likely exists given that in the mature cul-
ured neurons GABAergic synapses are uniformly distributed
cross the large dendritic trees (Swanwick et al., 2006), the
act that saturating stimulation intensities were used to evoke
PSCs may prevent any systematic bias. In order to determine
f a systematic bias exists, we tested if there was a correlation
etween the risetime (19–90%) and decay constant of recorded
urrents. We did not find a significant correlation between these
arameters (r2 = −0.04; data not shown). Although significant
rrors may arise from a poor space clamp in these recordings
nd lead to an underestimate of the amplitude of evoked IPSCs,
hese errors do not undermine the comparison of the ampli-
ude of evoked currents in different conditions. We also found
hat the stimulus artifacts produced by 0.9 mA/1 ms stimula-
ions did not overlap with IPSC on-sets (Fig. 2D) and were
onstant in shape during the trains of action potentials, indicat-
ng that the series resistance (Rs) of postsynaptic neurons does
ot change during the high-frequency stimulus trains (Fig. 2E
nd F).

.3. Optimization of parameters for extracellular
timulation

To establish the relationship between the sizes of postsynaptic
esponses and parameters of extracellular stimulation, we next
easured the size of the IPSCs as a function of stimulus intensity

Fig. 3A and B) or stimulus duration (Fig. 3C and D). We found
hat the IPSC amplitude and charge induced by 1 ms stimula-
ions with increasing intensity rose with the stimulus strength,
eaching a plateau at a stimulus intensity of ∼0.8 mA. IPSCs
riggered by low-intensity stimulations (0.1–0.6 mA) varied sig-
ificantly from trial to trial, as evidenced by the high coefficient
f variation under these conditions (Fig. 3A and B, inserts), indi-
ating that multiple presynaptic inputs formed by several axons
ontribute to the integrated postsynaptic responses, and that
timulation intensities of <0.8 mA failed to trigger action poten-
ials in some of these axons. A similar relationship was observed
hen IPSCs were induced by a constant 0.9 mA current injec-

ion for various durations (Fig. 3C and D). Since 0.9 mA/1 ms
timulations evoked robust IPSCs without failures and stimula-

ions of longer durations or higher intensities produced larger
timulus artifacts and sometimes resulted in electrolysis of the
lectrode tip, we choose 0.9 mA stimulations for 1 ms for all our
xperiments.
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.4. Reproducibility of inhibitory synaptic currents
onitored in different cortical culture preparations

The peak amplitudes of IPSCs triggered by 0.9 mA/1 ms stim-
lations and monitored from 167 wildtype neurons cultured in
itro for 13–18 days varied from 1 to 10 nA with an average
ize of 3.5 ± 0.2 nA (Fig. 4A). Fluctuation in the sizes of IPSCs
bserved in different culture preparations can be a result of vari-
bility in cell and synaptic density, degree of synapse maturation,
elease probabilities of individual synapses and the number of
resynaptic inputs activated in every trial. We found that the
verage amplitudes of IPSCs recorded on the same day after
lating from 11 independent wildtype cortical cultures varied
etween 2.6 ± 0.4 and 4.5 ± 0.4 nA (Fig. 4B). In addition, a
light correlation between the sizes of postsynaptic responses
nd degree of culture maturation was observed. The amplitudes
f IPSC recorded between 13 and 18 DIV were slightly larger in
lder, more mature neurons (data not shown). Thus, to minimize
he variability caused by fluctuations in the cell density, synap-
ic density and synapse maturation, we always compared the
izes of synaptic responses using datasets collected from neu-
ons that were analyzed after exactly the same number of days in
ulture.

.5. Calcium-dependence and short-term plasticity of
nhibitory synapses in cortical cultures

To ensure that the basic properties of synaptic transmis-
ion remain intact in cultured cortical neurons triggered by
xtracellular stimulation, we studied the calcium-dependence
nd short-term plasticity of inhibitory synapses. We measured
he amplitudes of IPSCs evoked by single action potentials in
he presence of different concentrations of free calcium in the
xtracellular bath solution (Katz and Miledi, 1968), and deter-
ined the rate of depression of IPSCs evoked by pairs of action

otentials or stimulus trains applied at different frequencies
Figs. 5 and 6).

We found that the amplitudes of individual IPSCs triggered
t low frequency (0.1 Hz) displayed a strong dependence on
he concentration of free extracellular calcium (Fig. 5A). To
alculate the apparent affinity for extracellular Ca2+, we fit-
ed the dose-response plot with the Hill function (I = Imax/
1 + (Kd/[Ca2+])n), where I is the amplitude of synaptic cur-
ent, Imax the maximal amplitude, Kd the apparent dissociation
onstant for extracellular Ca2+, [Ca2+] the extracellular Ca2+

oncentration, and n the apparent cooperativity. The calculated
a2+ affinity of inhibitory synapses in wildtype cultures was
.8 ± 0.2 mM, and the cooperativity was 2.9. These data indicate
hat inhibitory synapses in cultured cortical neurons have similar
alcium affinity of release compared to excitatory synapses of
utaptic microisland cultures (1.9 ± 0.2 mM Ca2+; Fernandez-
hacon et al., 2001).

Residual accumulation of free intracellular calcium in presy-

aptic terminals stimulated with an action potential may increase
he probability of vesicle release when the terminals are stimu-
ated with the second action potential closely spaced with the
rst stimuli (Katz and Miledi, 1968). We next triggered the
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Fig. 3. Optimization of parameters for extracellular stimulation. IPSCs were triggered by action potentials elicited by low frequency (0.1 Hz) stimulations of constant
duration and various intensities (A–B) or constant intensity and various durations (C–D). All recordings were performed in 2 mM extracellular calcium. (A and B)
Normalized amplitudes (A) and charge transfers (B) of IPSCs plotted as a function of stimulus intensity. IPSCs were triggered by 1 ms stimulations with 0.1–1.5 mA.
Responses are normalized for every neuron for the response observed with a 1.0 mA stimulus. Averaged data from 12 different neurons were approximated to a single
exponential fit. Note that the size of postsynaptic response progressively increases, reaching a plateau at ∼0.8 mA. The inserts show the plots of the coefficient of
variance of the response as a function of stimulus intensity for responses triggered in different trials. Data were approximated to a single exponential fit. (C and D)
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PSCs by pairs of action potentials applied at different inter-
als and calculated the paired-pulse ratios of IPSC amplitudes
s an indicator of release probability (Zucker and Regehr, 2002).
e found that the paired-pulse ratio depended on the intervals

etween the first and the second stimuli and the concentration of
xtracellular calcium (Fig. 5B). Elevation of extracellular cal-
ium enhanced paired-pulse depression; this effect was reversed
y addition of membrane-permeable calcium chelator EGTA-
M, suggesting that the probability of neurotransmitter release

riggered by extracellular stimulations depends on the amount
f calcium influx (Fig. 5B). Consistent with this observation,

e found that the rate of depression of synchronous IPSCs dur-

ng the trains of action potentials depended on the stimulation
requency (Fig. 6). These results are in agreement with pre-
iously published observations on the properties of inhibitory

(
t
c
t

stimulus duration. IPSCs were triggered by 0.9 mA stimulations for 0.1–1.0 ms.
neurons were approximated to a single exponential fit (time constant = 0.3 ms).

ynapses in cortical slices (Varela et al., 1999). Together our data
uggest that inhibitory synapses triggered by local extracellular
timulation display normal calcium sensitivity and short-term
lasticity.

.6. Effect of temperature on magnitude and kinetics of
ransmitter release in inhibitory synapses

We next studied the effects of temperature on the sizes and
inetics of IPSCs triggered by low frequency stimulations or
timulus trains. Similarly to the previously reports in autapses

Pyott and Rosenmund, 2002), we found that the IPSCs moni-
ored at near-physiological temperature (35 ◦C) in high-density
ultures displayed larger amplitudes and faster kinetics of decay
han the IPSCs recorded at room temperature (Fig. 7A–D).
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Fig. 4. Reproducibility of inhibitory synaptic currents monitored in different cortical culture preparations. (A) Histogram showing the distribution of amplitudes of
IPSCs monitored from 167 wildtype cortical neurons in 12 independent cultures that were maintained in vitro for 13–18 days. Data are binned at 1 nA intervals, and
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tted to a Gaussian distribution (smooth curve) with a center at 3.5 ± 0.2 nA. A
PSC amplitudes determined in 11 different cultures or cortical neurons. For eac
ll recordings were performed in 2 mM extracellular calcium (dashed line, mea
lthough the amplitudes of IPSCs recorded at 35 ◦C were almost
wo-fold larger when compared to the IPSCs recorded at 25 ◦C,
o significant change in synaptic charge transfer was observed
Fig. 7B and C). Consistent with the notion that the rate of vesicle

r
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ig. 5. Calcium-dependence and paired-pulse depression of IPSCs in cortical cultur
onitored in various concentration of free extracellular calcium. Data were fitted to
≥ 11). Inserts illustrate representative traces of IPSCs recorded in 1, 2 and 10 mM o

B) Paired pulse depression of IPSCs monitored in 2 mM (n = 20) or 10 mM (n = 7) ex
embrane-permeable calcium chelator EGTA-AM (n = 4). Average paired-pulse IPS

econd action potentials.
potentials were triggered by 0.9 mA stimulations applied for 1 ms. (B) Average
ure, the data were collected on the same day between 14 and 17 DIV (n = 5–14).
plitude).
ecycling is increased at physiological temperature (Pyott and
osenmund, 2002), we found that depression of synchronous
omponent of IPSCs triggered by trains of action potentials was
lower at 35 ◦C than at 25 ◦C (Fig. 7E and F).

es. (A) Average amplitudes of IPSCs triggered by single action potentials and
a Hill function (see text; EC50 = 1.8 ± 0.2 mM [Ca2+]o; Hill coefficient 2.9;

f free extracellular Ca2+ as indicated by arrows. Scale bars apply to all traces.
tracellular calcium Ca2+, or 10 mM extracellular Ca2+ with addition of 0.1 mM
C ratios were plotted a function of inter-stimulus interval between the first and
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Fig. 6. Depression of synchronous IPSCs triggered by high-frequency trains. (A) Typical examples of IPSCs triggered by high-frequency stimulus trains of action
potentials applied for 10 s at 5 Hz (top trace) and 10 Hz (bottom trace). The stimulus artifacts were removed. Scale bars apply to both traces. (B) Depression of
synchronous IPSCs during the trains of 50 action potentials applied at 5, 10 and 20 Hz. The amplitudes of individual synchronous IPSCs were normalized to the
amplitude of first IPSC in the train, and plotted as a function of stimulus number. All recordings were performed in 2 mM extracellular calcium. For each group
n ≥ 10.
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ig. 7. Temperature dependence of transmitter release in inhibitory synapses. IPSCs w
A) Typical examples of individual IPSCs recorded at 25 ◦C (shown in grey) or 35 ◦C (
B) and charge transfers (C) of IPSCs monitored at 25 ◦C (n = 5) or 35 ◦C (n = 7). (
PSCs monitored at 25 or 35 ◦C were determined by fitting the plots of cumulative
asterisk = p < 0.001). (E) Typical examples of IPSCs triggered at 25 ◦C (top trace, show
pplied at 10 Hz. (F) Depression of synchronous IPSCs monitored at 25 or 35 ◦C du
n = 7).
ere recorded in 2 mM extracellular calcium with a 25 or 35 ◦C bath temperature.
shown in black). Scale bars apply to both traces. (B and C) Average amplitudes
D) Average time constants for fast (τ fast) and slow (τ slow) components of
charge transferred during individual IPSCs to a double-exponential function
n in grey) or 35 ◦C (bottom trace, shown in black) by trains of action potentials

ring the trains of 100 action potentials applied at 10 Hz, 25 ◦C (n > 20); 35 ◦C
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.7. Excitatory synaptic transmission in cortical neurons

Excitatory postsynaptic currents (EPSCs) can be pharma-
ologically isolated in cortical cultures by blocking GABAA
eceptors with bicuculline or picrotoxin (Fig. 1C). When post-
ynaptic neurons are maintained at a negative holding potential
−70 mV), glutamatergic EPSCs have an inward direction and
re primarily mediated by AMPA receptors because NMDA
eceptors are blocked by the extracellular Mg2+ under these
onditions (Fig. 8A). Switching the holding potential of post-
ynaptic neurons to +40 mV relieves NMDA receptors from the

g2+ block. Under these conditions, both AMPA and NMDA

eceptors contribute to the postsynaptic responses that have an
utward direction. Because of significant difference in the kinet-
cs of decay, the magnitudes of AMPA and NMDA currents
an be estimated from the same outward EPSCs by measuring

t
t
E
(

ig. 8. Excitatory synaptic transmission in cortical neurons. Excitatory postsynaptic
icrotoxin (PTX, 50 �M) at holding potential of −70 mV to monitor AMPA EPSCs, or
MPA and NMDA EPSCs triggered by single action potentials applied at 0.1 Hz. (
MDA EPSCs. Arrows indicate the 50 ms windows used for analysis of NMDA EPS
MPA and NMDA EPSCs observed in three different cortical cultures. For each cult
olysynaptic AMPA and NMDA EPSCs triggered by single action potentials applied
ase with which AMPA-receptor dependent EPSCs can still be analyzed in the case of
timulus artifacts were removed. Note that only the initial AMPA and NMDA EPSCs b
ach other and times of stimulus application. (F) A scaled monosynaptic AMPA EPS
veraged from 40 individual mEPSC events (shown in grey). (G and H) Depression
race of excitatory responses triggered by 100 action potentials applied at 10 Hz and
f individual EPSCs during the stimulus train, normalized to the amplitude of first
ndependent cultures).
ence Methods  161 (2007) 75–87

he maximum current amplitude immediately after stimula-
ion (for fast AMPA responses) and 50 ms after stimulation
for slow NMDA reponses; Fig. 8B). Such measurements of
MPA/NMDA ratios in the same neuron have been extensively
sed for studying AMPA receptor trafficking (Myme et al., 2003;
akahashi et al., 2003; Rouach et al., 2005), and can be well
pplied to high-density cultures. Analysis of the AMPA- and
MDA-receptor dependent component of the evoked EPSC

n three different cortical cultures showed that the average
mplitudes of excitatory synaptic responses ranged between
.5 ± 0.2 and 1.7 ± 0.2 nA for AMPA EPSCs and 0.8 ± 0.1 and
.1 ± 0.2 nA for NMDA EPSCs (Fig. 8C). Thus similar to IPSCs,

he magnitude of EPSCs is reproducible from culture to cul-
ure. In addition, we found that the rate of depression of AMPA
PSCs triggered by high frequency trains of action potentials

Fig. 8G and H) was similar to excitatory synapses of autaptic

currents (EPSCs) were recorded in the presence of GABAA receptor blocker
of +40 mV to monitor NMDA EPSCs. (A and B) Representative monosynaptic

B) Expansion of the area that is boxed in panel A to illustrate the analysis of
C amplitudes. The stimulus artifacts were removed. (C) Average amplitudes of
ure data were collected at 14 and 15 DIV (n = 8–14). (D and E) Representative

at 0.1 Hz. (E) Expansion of the area that is boxed in panel D to illustrate the
polysynaptic EPSCs, whereas NMDA-receptor dependent EPSCs cannot. The

ut not the subsequent EPSCs observed in the same neuron are synchronized with
C (shown in black) was superimposed with the scaled trace of AMPA mEPSC
in AMPA EPSCs during 10 Hz trains of action potentials. (G) Representative

recorded at −70 mV. The stimulus artifacts were removed. (H) The amplitudes
response and plotted a function of stimulus number (n = 15 neurons from two
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ippocampal cultures (Pyott and Rosenmund, 2002; Otsu et al.,
004).

A possible concern about this measurement approach is that
n the presence of GABA receptor blockers, cortical neurons
requently display network activity due to spontaneous firing
f action potentials (data not shown). Activation of cascades of
xcitatory neurons may result in contamination of evoked EPSCs
y ‘multisynaptic’ responses that exhibit a significant delay and
re superimposed onto the EPSCs initiated immediately after
timulus application. Indeed, we observed two distinct types
f EPSCs when synaptic transmission was triggered by single
ction potentials applied at 0.1 Hz, and monitored in the presence
f picrotoxin (PTX, 50 �M) in the bath solution. ‘Monosy-
aptic’ responses recorded from the same neuron maintained
t −70 mV (to monitor AMPA EPSCs) or +40 mV (to moni-
or NMDA EPSCs) appeared as single peaks of current rapidly
ecaying to the baseline (Fig. 8A and B). The decay kinetics of
he AMPA EPSCs observed in these neurons was similar to the
inetics of spontaneous miniature AMPA currents (mEPSCs),
ndicating that evoked responses were indeed ‘monosynaptic’

Fig. 8F). In contrast, ‘polysynaptic’ responses were contami-
ated with secondary peaks of EPSCs appearing with a delay,
ost likely because local networks were activated (Fig. 8D and
). The presence of a contaminating network responses does not

ig. 9. Representative IPSCs monitored from wildtype of synaptotagmin-1 defi-
ient (Syt 1 KO) neurons in 2 mM extracellular calcium. IPSCs were triggered
y single action potentials (A) or trains of 10 action potentials applied at 10 Hz
B). The stimulus artifacts were removed. See Maximov and Südhof (2005) for
more extensive description of the phenotype.
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ffect the measurements of AMPA EPSC amplitudes (because
f the fast kinetics of AMPA currents), but makes it difficult to
nalyze the amplitudes of NMDA EPSCs. Therefore, the neu-
ons that displayed contaminating network responses during the
rst 50 ms after stimulation could not be used for analysis of
MDA EPSC amplitudes and AMPA/NMDA ratios.

.8. Inhibitory synaptic transmission in neurons lacking
ynaptotagmin-1

Fast synaptic vesicle exocytosis is triggered by Ca2+-binding
o synaptotagmin-1 (Fernandez-Chacon et al., 2001). Deletion
f synaptotagmin-1 results in a loss of synchronous compo-
ent of neurotransmitter release in excitatory (Geppert et al.,
994; Nishiki and Augustine, 2004) and inhibitory (Maximov
nd Südhof, 2005) synapses. Consistent with our previous
bservations, we found that synchronous IPSCs triggered by
ingle action potentials were suppressed in neurons from
ynaptotagmin-1 knock-out mice (Fig. 9A). The remaining asyn-
hronous release was small when synaptotagmin-1 deficient
eurons were stimulated at low frequency but become predom-
nant during the trains of action potentials (Fig. 9B).

. Discussion

In this study, we describe a method to analyze inhibitory and
xcitatory synaptic transmission in mixed high-density cultures
f neurons. A major problem in analyzing synaptic transmis-
ion in high-density cultures of neurons – as opposed to isolated
eurons that are cultured on glial microislands and that form
utapses – has been the difficulty of reliably stimulating presy-
aptic inputs in such a manner that postsynaptic responses can
e recorded with reproducible properties and amplitudes. We
emonstrate that a combination of extracellular stimulation of
resynaptic inputs via a local bipolar electrode and postsynap-
ic whole-cell voltage-clamp recording allows monitoring both
xcitatory and inhibitory synaptic transmission. In principle,
he approach is similar to those used by others previously, and
undamentally represents a method that lies in between paired
ecordings as the most accurate but also labor-intensive tech-
ique, and field stimulation as the simplest but most artifact
rone technique. The usefulness of the approach we describe
ests on its ability to achieve reproducible measurements of
mplitudes that are similar from culture to culture.

Using IPSCs as an example, we show that in the recording
onfiguration we use, stimulation of presynaptic inputs with an
xtracellular bipolar electrode is dependent on the strength and
uration of the stimulus. At low stimulus strengths or short stim-
lus durations, postsynaptic responses are small and variable.
ncreasing stimulus strengths and durations leads to a saturation
f the response at a plateau, and a decrease in response variabil-
ty (Fig. 3). These results indicate that postsynaptic responses
nduced by the electrode stimuli are mediated by release of

eurotransmitter in a population of synapses formed by sev-
ral axons of surrounding neurons. The number of synapses that
re stimulated with a saturating pulse seem to be fairly con-
tant, independent of the culture because under our conditions,
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he amplitudes obtained were relatively reproducible between
ultures obtained even from different investigators (Fig. 4). We
lso demonstrate that the magnitude and kinetics of IPSCs trig-
ered by single action potentials or action potential trains depend
n the extracellular calcium concentration, intracellular calcium
uffering, temperature, and stimulation frequency, suggesting
hat inhibitory synapses triggered by local bipolar electrodes
isplay a normal calcium sensitivity and short-term plasticity
Figs. 5 and 6). It is important to ensure in all of these experi-
ents that the presynaptic stimulus that is applied close to the

ostsynaptic neuron does not cause artifacts in the postsynaptic
ecordings; however, an analysis of the stimulus artifact (Fig. 2)
learly ruled out this possibility.

When compared to other stimulation methods, triggering
ynaptic transmission by local electrodes has several advan-
ages. Stimulation with local electrodes does not require
abor-intensive screening for synaptically connected neuronal
airs, and therefore enables rapid and efficient analysis of
he effects of pharmacological agents, protein expression and
enetic manipulations on neurotransmitter release. Unlike dou-
le patch techniques (Bi and Poo, 1998) or whole-cell recordings
rom autaptic microisland cultures (Bekkers and Stevens, 1991),
riggering action potentials with extracellular electrodes enables
onitoring synaptic transmission in near-physiological condi-

ions when presynaptic neurons are not affected by mechanical
enetration and/or by wash-out of intracellular components due
o dialysis of the whole-cell pipette solution. Moreover, the
timulation of multiple inputs monitors a larger population of
ynaptic connections simultaneously. In contrast to massive field
timulations, stimulation with local electrodes does not produce
arge stimulus artifacts that may contaminate postsynaptic sig-
als (Fig. 3C and D), because local action potential triggering
an be achieved by injection of a relatively small current. Synap-
ic responses triggered by local electrodes saturate at stimulus
ntensity of <0.9 nA for a 1 ms pulse, whereas up to 30 mA stim-
lations have been used with some field electrodes (Schoch et
l., 2001; Deak et al., 2004). Finally, local stimulations only
ffect a small area of a neuronal culture dish, making it possible
o record from multiple neurons in the same preparation without
roducing the use-dependent changes in all neurons.

The basic properties of synaptic transmission we describe
ere are similar to those characterized in other culture and slice
reparations. First, we show that increasing the concentration of
ree extracelluar calcium results in augmentation of inhibitory
ynaptic responses (Fig. 5), which is a well-established aspect
f synaptic release (Katz and Miledi, 1968; Hille, 2001). Sec-
nd, the short-term plasticity of inhibitory synapses monitored
n cortical neurons stimulated by high frequency trains of action
otentials (Fig. 6) is similar to the properties of inhibitory
ynapses observed in acute slices (Varela et al., 1999). Finally,
ynaptic responses recorded from cortical neurons lacking cal-
ium sensor for synaptic vesicle exocytosis, synaptotagmin-1,
re similar to those obtained from autaptic cultures (Fig. 9;

eppert et al., 1994; Maximov and Südhof, 2005). Thus, moni-

oring synaptic transmission in high-density cultures of neurons
riggered by local stimulation is a valuable tool for studies of
arious mechanisms of synaptic transmission.

K

ence Methods  161 (2007) 75–87

. Conclusion

Here, we describe a method to monitor inhibitory and exci-
atory synaptic transmission in mixed high-density cultures of
eurons from different brain areas that allows reproducible and
acile analysis of synaptic responses. Our approach combines
ocal stimulation of presynaptic axons with a bipolar elec-
rode with conventional whole-cell recordings of postsynaptic
eurons. Our data indicate that stimulation via local bipolar
lectrodes enables rapid and efficient analysis of synaptic phe-
otypes in cultured neurons in near-physiological conditions.
his stimulation method can be used for drug screening and
tudies of regulation of neurotransmitter release in wildtype neu-
ons infected with lentiviruses that express various components
ffecting synaptic vesicle release machinery and neurons from
enetically modified mice.
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