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SUMMARY
Neurons generated frompluripotent stem cells (PSCs) self-organize into functional neuronal assemblies in vitro, generating synchronous

network activities. Intriguingly, PSC-derived neuronal assemblies develop spontaneous activities that are independent of external

stimulation, suggesting the presence of thus far undetected intrinsically active neurons (IANs). Here, by using mouse embryonic stem

cells, we provide evidence for the existence of IANs in PSC-neuronal networks based on extracellular multielectrode array and intracel-

lular patch-clamp recordings. IANs remain active after pharmacological inhibition of fast synaptic communication and possess intrinsic

mechanisms required for autonomous neuronal activity. PSC-derived IANs are functionally integrated in PSC-neuronal populations,

contribute to synchronous network bursting, and exhibit pacemaker properties. The intrinsic activity and pacemaker properties of the

neuronal subpopulation identified herein may be particularly relevant for interventions involving transplantation of neural tissues.

IANs may be a key element in the regulation of the functional activity of grafted as well as preexisting host neuronal networks.
INTRODUCTION

Spontaneous neuronal activity refers to the ability of an

individual neuron or an entire neuronal network to be

electrophysiologically active without receiving external

stimulation. Such spontaneous activity is present in both

the developing and the adult brain (Blankenship and Feller,

2010; de Pasquale et al., 2010; Liu et al., 2010). Also, iso-

lated brain slices (i.e., segments of brain that are deprived

of input from other brain regions) show spontaneous

neuronal activities (Darbon et al., 2002a; Le Bon-Jego and

Yuste, 2007; Shew et al., 2010), and dissociated neuronal

cells self-organize into spontaneously spiking or synchro-

nously bursting neuronal networks in vitro (Arnold et al.,

2005; Streit et al., 2001; Van Pelt et al., 2004). Autonomous

network activities rely on neurons, which are able to be

spontaneously active even in conditions where fast synap-

tic communication (FSC) has been silenced. These neurons

have therefore been termed intrinsically active neurons

(IANs). IANs can be found in nearly all brain regions that

have been investigated to date (Atherton and Bevan,

2005; Atherton et al., 2008; Beatty et al., 2012; Mao et al.,

2001; Streit et al., 2001; Tazerart et al., 2008), where they

act as pacemaker neurons in regulating oscillatory activities

in neuronal assemblies (Beatty et al., 2012; Feldman and

Del Negro, 2006; Le Bon-Jego and Yuste, 2007; Tazerart

et al., 2008; Tscherter et al., 2001). Thus, IANs represent
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key neuronal elements that spontaneously induce activ-

ities in other neurons, and may regulate different types of

orchestrated activities in neuronal assemblies. Moreover,

the ability of neurons to self-organize into functional

neuronal networks generating oscillatory neuronal acti-

vities is crucial for proper cognitive as well as motor

functions.

Multielectrode array (MEA) recordings and calcium

imaging of human and murine pluripotent stem cell

(PSC)-derived neurons have revealed the capacity of

these neurons to self-organize into spontaneous active

neuronal networks, generating concerted activities that

are measured as synchronous bursting (Eiraku et al.,

2008; Heikkilä et al., 2009; Illes et al., 2007, 2009). There-

fore, PSC-neuronal networks display activities that in

principle resemble those observed during brain function

(Gullo et al., 2010a; Heikkilä et al., 2009; Illes et al., 2007,

2009; Nimmrich et al., 2005); however, the underlying

mechanisms of the genesis of spontaneous activity and

synchronicity have yet to be deciphered. This is crucial

for understanding brain development and function, as

well as for determining the proper use of PSC neurons in

future transplantation approaches (Daadi et al., 2008;

Eiraku et al., 2008; McDonald et al., 1999). Here, we hy-

pothesize that IANs are responsible for the autonomous

behavior of PSC-neuronal assemblies, i.e., spontaneous

and synchronous neuronal network activities. Therefore,
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Figure 1. Generation of mESC-Derived Neuronal Networks
(i) mESCs were grown on mitomycin-inactivated mouse embryonic fibroblasts (MMC-MEFs) in the presence of leukemia inhibitory factor
(LIF) for up to 5 days in vitro (5 div) followed by (ii) embryoid body (EB) formation in the absence of LIF. (iii) After 24 hr, free-floating EBs
had developed and were replated in neural induction medium (NIM; for formulation, see Experimental Procedures). (iv) After 7 days,
serum-free, floating cultures of EB-like aggregates (SFEB) had developed and were replated in NIM containing FGF2 and EGF. (v) After
14–21 div, nSFEBs were dissociated, stored in liquid nitrogen, or directly cultivated on PDL/laminin-coated MEAs in the presence of FGF2
in order to induce neuronal predetermination. (vi) FGF2 concentration was gradually decreased in the medium to induce terminal dif-
ferentiation and neuronal network development. For a detailed description of neuronal composition and neuronal network development,
see Illes et al. (2009).
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we tested for the presence of neurons that became active

after pharmacological inhibition of FSC, a cardinal feature

of IANs, and determined whether these putative IANs

were functionally integrated into the neuronal network.

We further tested whether such FSC-independent neuronal

activities relied on persistent sodium currents, another

cardinal characteristic of IANs. Finally, we classified the

putative IANs and discriminated between neurons that

contributed to population bursts (PBs) and those that had

pacemaker properties, based on a comparative analysis of

network-wide PBs.
RESULTS

PSC-Neuronal Assemblies Show Robust Neuronal

Activity in the Absence of FSC and Network Activity

We generated PSC neurons from murine embryonic stem

cells (mESCs) by employing the widely-used serum-free,

floating cultures of embryoid body-like aggregates (SFEB)-

based protocol for neural differentiation of human and

mouse PSCs (Eiraku et al., 2008; Gaspard et al., 2009; Heik-

kilä et al., 2009; Illes et al., 2009; Watanabe et al., 2005;

Figure 1), which allows the generation of functional

neuronal networks (Heikkilä et al., 2009; Illes et al.,

2009). Dissociated mESC-derived neural cells were culti-

vated on MEAs and differentiated by gradual removal of

growth factors from the medium (Figure 2). Weekly MEA

recordings revealed that neuronal cells matured into

neuronal networks starting with spontaneous activity

1 week after growth factor removal, and matured into

either partly synchronously active (showing PBs) or un-

synchronized active neuronal networks within 2–4 weeks

(for details regarding the development of PSC-derived
324 Stem Cell Reports j Vol. 2 j 323–336 j March 11, 2014 j ª2014 The Auth
neuronal networks, see Heikkilä et al. [2009] and Illes

et al. [2007]). In order to assess the presence of IANs in

mature PSC-neuronal networks, both inhibitory and excit-

atory FSCs were consecutively blocked by pharmacological

components (Figures 2A; Figure S1B available online; see

Experimental Procedures) in mature neuronal networks.

As described previously (Illes et al., 2007, 2009), PSC-

neuronal networks show spontaneous asynchronous or

partly synchronous activities (Figures 2B–2D, i) that are

highly synchronously active after application of the

GABAA receptor antagonist gabazine (Figures 2B–2D, ii,

and S1B). Thus, PSC-neuronal assemblies harbor neurons

that are functionally interconnected, but the occurrence

of PBs is apparently inhibited by GABAergic neurons.

The gabazine-induced disinhibition is characterized by

high-frequency PBs (Figures 2B–2D, ii, and S1B) and high

synchronicity (Figures 2Eiii, and S1B).

Other investigators and we have demonstrated that

PSC-derived neural stem cells generate a large fraction of

GABAergic neurons (�70% of all neuronal cells) as well

as a substantial amount of glutamatergic neurons (Eiraku

et al., 2008; Illes et al., 2009; Watanabe et al., 2005). More-

over, in PSC-neuronal networks, glutamatergic excitatory

neurons contribute to spontaneous activity and mediate

recurrent excitation, measured as high-frequency PBs un-

der disinhibition conditions (Heikkilä et al., 2009; Illes

et al., 2009). Here, we show that neither the neuronal

activity nor the network coherences are influenced by

glycine or acetylcholine treatment (Figure S5). Hence,

PSC neurons develop into networks in which GABAergic

inhibitory and glutamatergic excitatory neurons are

persistently active in the absence of external input. To

inhibit glutamatergic excitatory FSC in gabazine-treated

PSC-neuronal networks, we added the NMDA-receptor
ors
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antagonist D-AP-5 and then the AMPA/Kainate-receptor

antagonist NBQX (hereafter abbreviated as G/A/N). Similar

experiments using rat cortical and hippocampal neuronal

cultures ensured the FSC blocking activities of G/A/N (Fig-

ures S2 and S3). Surprisingly, extracellular recordings of

G/A/N-treated cultures demonstrated prominent residual

neuronal activities (Figures 2B–2D, iii, and 2E), the

absence of PBs (Figures 2B–2D, iii), and the lack of syn-

chronous neuronal activity (Figure 2Eiii). Similar results

were obtained after prolonged (60 min) application of G/

A/N (Figure 2E), excluding the possibility that a short

(15 min) treatment was insufficient to block FSC. Also,

we tested the stability of primary cortical, hippocampal,

and PSC-neuronal assembly systems, and were able to

demonstrate the consistency of the network properties

over at least 4 months, the latest time point that was sys-

tematically tested (Figures S2 and S3). Since extracellular

calcium ions ([Ca2+]e) are required for synaptic neurotrans-

mitter release, we performed MEA recordings of mESC-

derived neuronal networks preincubated with artificial

cerebrospinal fluid (aCSF) in the presence of the GABAA-re-

ceptor antagonist gabazine and in the presence or absence

of Ca2+ (Figure S1C). Although disinhibition in the pres-

ence of [Ca2+]e transformed asynchronous active mESC-

derived neurons into a highly synchronous active net-

work, a few mESC-derived neurons remained active in

the absence of [Ca2+]e and did not show synchronous

bursting under disinhibition conditions (Figure S1C).

This demonstrates that in the absence of FSC mediated

either by pharmacological compounds or by removal of

[Ca2+]e, mESC-derived neurons remain active. Interest-

ingly, 69% ± 38% of spike-detecting electrodes that were

initially active in standard medium were still detecting

neuronal activity in the absence of FSC, whereas only

10.6% ± 11.4% of spike-detecting electrodes that were

initially active in aCSF were still detecting neuronal activ-

ity in the absence of FSC (compare Figures 2 and S2 with

Figure S1). This demonstrates that in aCSF, fewer neurons

are able to be active in the absence of FSC, which has been

also reported for IANs of the spinal cord (Latham et al.,

2000b).

In summary, the robust neuronal activities in PSC-

neuronal networks recorded in aCSF and medium in the

absence of inhibitory and excitatory FSC or [Ca2+]e strongly

suggest the presence of IANs in the system.

IANs Are Functionally Integrated into PSC-Neuronal

Assemblies

Next, we analyzed whether IANs are functionally inte-

grated into the neuronal network by characterizing

the firing behavior of PSC neurons in the absence or

presence of FSC. In comparison with standard medium

and disinhibition conditions, the percentage of spikes
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that organized in bursts was strongly decreased in G/A/

N-treated cultures (Figure 2Eii), whereas the average num-

ber of recorded spikes was only slightly reduced (Fig-

ure 2Ei). This suggests that in the absence of FSC, the

majority of IANs fired in a spike mode instead of a

bursting mode.

We used the number of spike-detecting electrodes as a

rough estimate of the relative amount of neurons that

were active in the presence and absence of FSC. Although

the number of active electrodes was similar in standard

medium compared with disinhibition conditions (24 ±

12 versus 25 ± 13 out of 60 electrodes, n = 18), it was

significantly reduced in the absence of FSC (16 ± 6 out

of 60 electrodes, n = 18; Figure 2Eiv). Since one electrode

might simultaneously detect the spike activities of several

neurons, we used spike-sorting analysis to discriminate

among activities derived from multiple neurons. Given

that each neuron tends to fire spikes of a particular

morphology and kinetics (Quiroga, 2007), we grouped

spikes into clusters based on the similarity of their shapes,

amplitudes, and organizations, each of which was pre-

sumably generated by an individual IAN (Quiroga, 2007)

(see Experimental Procedures; Figure 3). In the absence

of FSC, the vast majority of electrodes recorded activity

from either a single neuron (71 out of 94 active electrodes,

�76%) or two neurons (14 out of 94 active electrodes,

�15%). Occasionally, activity was associated with three

(8 out of 94 active electrodes, �8%) or four neurons

(1 out of 94 active electrodes, �1%; Figure S4). The initial

spike shapes recorded at a specific electrode from indi-

vidual IANs were maintained in the presence of FSC (Fig-

ure 3), demonstrating that IANs are still active in the

presence of FSC. Therefore, 69% of the electrodes that

were initially active under standard medium were still

detecting neuronal activity with characteristic spike

morphologies in the absence of FSC. This suggests that a

substantial amount of the PSC neurons detected under

standard conditions were IANs.

To confirm the functional integration of IANs at the

cellular level, we used calcium imaging to validate that

morphologically identified cells with ascending neurites

showed spontaneous activity in the presence of FSC in

whole-cell patch-clamp recordings (Figure 4Ai). Immuno-

cytochemistry staining confirmed the synaptic integration

of recorded neurons (Figure 4Aii). Combined MEA, cal-

cium, and whole-cell patch-clamp recordings revealed

that some neurons located in close proximity (within

50 mm) to a burst-detecting electrode showed prominent

calcium waves synchronously with network-wide PBs (Fig-

ure 4B), and whole-cell patch-clamp recordings showed

intrinsic activity in the absence of FSC (Figure 4C). Thus,

in summary, IANs are functionally integrated into PSC-

neuronal networks.
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Figure 2. Activity of PSC Neurons in the Presence and Absence of FSC
(A) Drawings illustrate inhibitory (red box) and excitatory (green box) neurotransmitter receptors, and indicate the antagonists used.
(B) Mean firing rates (MFRs; 100 ms smoothed spike count in bin [spikes in 10 ms intervals]).

(legend continued on next page)
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The Autonomous Activity of IANs Depends on

Persistent Active Sodium Channels, but Not on L-Type

Calcium Channels

We recently demonstrated that tetrodotoxin (TTX) applica-

tion completely blocks neuronal activity in PSC-neuronal

cultures (Illes et al., 2007), indicating that intrinsic

neuronal activity depends on voltage-gated sodium chan-

nels. The autonomous activity of IANs in different brain

regions has been shown to depend on persistent riluzole-

sensitive sodium currents (Atherton and Bevan, 2005;

Atherton et al., 2008; Beatty et al., 2012; Guzman et al.,

2009; Tazerart et al., 2008; Yvon et al., 2007). Here, we

demonstrated that riluzole completely blocked the IAN

activity in G/A/N-treated PSC-neuronal assemblies (Figures

5A and 5B), indicating that the autonomous activity of

IANs depends on persistent sodium currents.

The activity of IANs in certain brain regions, such as the

striatum (Puopolo et al., 2007), is modulated by L-type

voltage-gated calcium channels (LTCCs). Therefore, we

determined whether autonomously active PSC IANs are

regulated by LTCCs. We found that neither the spiking

nor the bursting activities of autonomously active IANs

were affected by the application of either the LTCC antag-

onist isradipine (4 mM) or the LTCC agonist FPL64176

(2 mM) for 15 or 60 min (Figures 5C–5E). Taken together,

these results indicate that the autonomous activity of

PSC IANs relies on persistent sodium currents, but not on

LTCC activity.
IANs Have Diverse Intrinsic Firing Behaviors

Since different populations of IANs within the brain differ

with respect to their intrinsic firing behaviors (Atherton

and Bevan, 2005; Atherton et al., 2008; Beatty et al.,

2012; Beurrier et al., 2000; Feldman and Del Negro, 2006;

Forti et al., 2006; Le Bon-Jego and Yuste, 2007), we classi-

fied PSC-derived IANs according to their activity in the

absence of FSC. We based the electrophysiological classifi-

cation of IANs on the spike frequency, regularity, and orga-
(C) Spike raster plots (SRPs).
(D) Original traces of nine channels of an MEA recording.
(E) Diagrams showing neuronal activity in standard medium (i in B–D,
and after inhibition of GABAergic and glutamatergic FSC (iii in B–D,
(B) MFRs show the (ii) appearance or (i and iii) absence of PB.
(C) In SRPs, each dot represents a spike recorded by one electrode at
(D) In original traces of MEA recordings, each box shows a 10 s extra
(E) Diagrams show (i) the mean number (#) of extracellularly recorde
(iii) the network synchrony indicated as Cohen’s kappa, and (iv) t
conditions or disinhibition conditions (Gz, gabazine treatment), and
and NBQX treatment). n = 17; data are mean values ± SD (t test; ns, no
for the activity of mESC-derived IANs under aCSF. See Figure S2 for th
hippocampal neuronal assemblies, and Figure S3 for the activity of IA
See also Table S1 and S2.
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nization (i.e., single events, trains of spikes, or bursts). In

the absence of FSC, IANs displayed five different firing

modes: (1) regular spiking characterized by constant

interspike intervals (Figure 6A), (2) irregular spiking charac-

terized by variable interspike intervals (Figure 6B), (3) stut-

tering characterized by the generation of trains of spikes

(Figure 6C), (4) bursting (Figure 6D), and (5) mixed firing

characterized by the generation of spikes and bursts (Fig-

ure 6E). Therefore, similarly to IANs in the brain (Atherton

and Bevan, 2005; Atherton et al., 2008; Beatty et al., 2012;

Beurrier et al., 2000; Feldman and Del Negro, 2006; Forti

et al., 2006; Le Bon-Jego and Yuste, 2007; Mao et al.,

2001; Tazerart et al., 2008), IANs in PSC-derived neuronal

assemblies represent a heterogeneous group with distinct

electrophysiological intrinsic firing behaviors.
The Firing Behavior of IANs Correlates with Network

Activity and Shows Pacemaker-Like Properties

As described above, IANs are functionally integrated

into neuronal assemblies and contribute to network-wide

PBs. However, to discriminate between IANs that only

contribute to PBs and those that have pacemaker proper-

ties, we analyzed the firing behavior of IANs during

PBs in more detail. For this purpose, we used shape-based

spike sorting of extracellular recorded spikes and compared

the firing behaviors of individual IANs in the absence

of FSC and under disinhibition conditions (Figure 3).

Interestingly, the firing frequency and regularity of the

IANs changed during PBs, indicating that all neurons

with IANs properties are functionally integrated in PSC-

neuronal assemblies.

PBs in disinhibited cultures started with synchronous

temporal discharges of several spatially distributed neu-

rons, indicated as peaks in the mean-firing diagram (phase

I of PB; see Figures 7B and 7C), followed by a decrease in

neuronal firing (phase II of PB; Figures 7B and 7C), and

terminated by a refractory period in which neuronal activ-

ity was minimal and not synchronous until the next PB
white bars in E), disinhibition conditions (ii in B–D, gray bars in E),
black bars in E) in PSC-neuronal networks.

a certain time point.
cellular recording detected by one electrode.
d spikes in 2 min, (ii) the percentage of spikes organized as bursts,
he number of spike-detecting electrodes under standard medium
after 15 min and 1 hr inhibition of FSC (G/A/N = gabazine, D-AP-5,
t significant; *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S1
e activity of IANs in prolonged cultured PSC, primary cortical, and
Ns 15 min and 60 min after the application of G/A/N.
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Figure 3. Identification of Individual IAN Activities by Spike Sorting
(A–C) (i) Schematic drawings illustrate four neurons in close proximity to one extracellular recording electrode. Unsorted (A) and sorted
(B and C) spikes were recorded by one electrode (A and B) in the absence of FSC (G/A/N) and (C) under disinhibition conditions
(Gz, gabazine treatment). Identified spike shapes are visualized as (ii) original traces, (iii) superimposed spikes (temporal resolution of
25 kHz), and (iv) SRPs. After manual determination of the detection level (blue arrow in ii and iii), distinct spikes were marked according to
their spike shapes and visualized by different colors. See also Figure S4 for examples of recorded spike morphologies.
See also Table S2.
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(phase III of PB; Figures 7B and 7C). IANs were classified

into four types according to their firing behaviors during

PB. Type I represents IANs that are completely inactive in

disinhibited neuronal networks (Figure S6E), suggesting

that the presence of FSC blocked neuronal activity in this

IAN type. Type II IANs were specifically and exclusively

active during PB, and not during the refractory period

of PB (Figures 7A and 7B). In contrast, type III IANs were

active during PB as well as during the refractory period of

PB (Figures 7A and 7B). Finally, type IV IANs showed

increasing neuronal activity during the refractory period

of PB (phase III), culminating in a high-frequency burst

prior to the onset of PB, and became inactive during PB.

Concomitantly with the decline of PB (phase II of PB),
328 Stem Cell Reports j Vol. 2 j 323–336 j March 11, 2014 j ª2014 The Auth
type IV IANs gradually recovered activity (Figures 7B, 7C,

and S6A–S6D). Thus, the reciprocal temporal pattern of

the activity of type IV IANs and the appearance of PB in

the neuronal network indicates that type IV neurons act

as pacemaker neurons in the network.
DISCUSSION

Here, we have demonstrated the existence of IANs in

PSC-neuronal networks. These neurons are active in the

absence of FSC and depend on voltage-gated as well as

persistent active sodium channels. They are functionally

integrated into PSC-neuronal assemblies and contribute
ors



Figure 4. IANs Are Functionally Integrated into PSC-Neuronal
Networks
(A) (i) Membrane potential recording of a neuron showing sponta-
neous action potential firing in the presence of FSC. The segment of
the left trace framed by the blue rectangle is shown on the right with
a different timescale. (ii) Dextran-Texas red-labeled neurons were
ßtubulinIII+ and possessed synaptophysin+ synapses. The images
show the neuron from which the recording in (i) was obtained.

Stem C
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to network activities. IANs represent a heterogeneous

group of neurons that are characterized by their specific

contributions to PBs. Moreover, a specific subtype of IANs

(type IV) exhibits a firing behavior that is typical of pace-

maker neurons, i.e., firing reciprocally to synchronous

network activity.

Most Spontaneously Active PSC Neurons Are IANs

PSC-neuronal cultures consist of (1) nonspontaneously

active neurons, in which action potentials can be induced

by electrical stimulations (Risner-Janiczek et al., 2011); (2)

spontaneously active neurons, which become active

without electrical stimulation (Heikkilä et al., 2009; Illes

et al., 2007, 2009); or (3) silenced neurons, in which activ-

ity is suppressed through GABAergic inhibitory synapses

(Illes et al., 2009). Here, we found that only 40% ± 20%

of the electrodes (24 ± 12 out of 60, n = 18 standard me-

dium) recorded spontaneous activity, and that Fluo-4/

AM-loaded PSC neurons located close to recording elec-

trodes showed neither calcium waves nor neuronal activ-

ities even under disinhibition conditions. This absence of

activity indicates that several electrodes were covered by

neurons that were not spontaneously active. These extra-

cellular recordings confirm aprevious patch-clamp analysis

of PSC neurons (Risner-Janiczek et al., 2011) and demon-

strate that the minority of PSC neurons are spontaneously

active in the presence of FSC. Interestingly, electrophysio-

logical analyses of PSC neurons suggested that sponta-

neous activity of PSC neurons is induced solely by synaptic

communication (Eiraku et al., 2008; Espuny-Camacho

et al., 2013; Weick et al., 2011). However, by comparing

the number of spike-detecting electrodes in the presence

and absence of FSC, we showed that 69%of spike-detecting

electrodes that were initially active under standard me-

dium were still detecting neuronal activity in the absence
(B and C) Simultaneous MEA recordings and calcium imaging under
disinhibition conditions and in the absence of FSC (B), followed by
whole-cell patch clamp recording in the absence of FSC (C).
(B) (i) Calcium imaging of PSC neurons cultivated on MEAs for
28 days, preincubated with the calcium indicator Fluo-4/AM, and
treated with gabazine (50 mM; disinhibition condition) or with
AP-5 (30 mM), NBQX (30 mM each), and gabazine (50 mM; absence of
FSC). Colored regions (ROIs) indicate cells that are in close vicinity
to the recording electrode. (ii) Simultaneous extracellular recorded
PB and (iii) calcium transients in Fluo-4/AM-loaded PSC neurons
(y axis: relative fluorescence units [RFU]). Calcium traces in (iii)
correspond to ROIs in (i).
(C) Representative trace of a membrane potential recording of a
single neuron shows irregular action potential firing and bursting
in the absence of FSC. The lower tracing is an expanded view of
the action potential burst framed in the upper tracing by a gray
rectangle.
See also Table S2.
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Figure 5. The Autonomous Activity of
IANs Depends on Persistent Active So-
dium Channels, but Not on LTCCs
(A–E) PSC neurons cultivated on MEAs were
preincubated with G/A/N and treated with
(A and C) the persistent sodium current
blocker riluzole or (B, D, and E) the LTCC
antagonist isradipine or LTCC agonist
FPL64176.
(A) Concentration-dependent impact of
riluzole on neuronal activity (n = 5).
(B) Impact of isradipine and FPL64176 on
neuronal activity after 15 min and 60 min
(n = 5 each).
(C) Representative SRPs (i) before and (ii)
after the application of 10 mM riluzole.
(D and E) Representative SRPs before and
after the application of (D) isradipine and
(E) FPL64176. Data are mean values ± SD.
See also Figure S5 for the impact of
acetylcholine and glycine on the sponta-
neous neuronal activity of PSC neurons.
See also Table S1 and S2.
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Figure 6. Firing Behavior of IANs in the Absence of FSC
(A–E) Representative recordings of extracellular signals in PSC-
derived neuronal assemblies treated with G/A/N. Five different
firing modes of IANs are shown: (A, i) regular spiking, (B) irregular
spiking, (C) stuttering, (D) bursting, and (E) mixed firing (spiking
and bursting) activity.
(F) Quantification of the different firing behaviors of IANs in the
absence of FSC (n = 124).
See also Table S2.
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of FSC. In addition, we showed that this synaptic-com-

munication-independent activity disappeared after the

blocking of persistent sodium currents. Therefore, the

spontaneous activity of PSC neurons is not induced solely

by synaptic communication, but also depends on intrinsic

mechanisms. Considering the present findings, it is aston-

ishing that IANs have remained unnoticed for so long in

PSC neuronal cultures. One explanation for this might lie

in the experimental details. For example, previous electro-

physiological analyses of mouse and human PSC-derived

neurons were performed in aCSF. Here, we demonstrated

that only a few IANs were autonomously active in condi-

tions using aCSF, and therefore these activities might sim-

ply have been overlooked in the past. In addition, standard
Stem C
low-temporal-resolution calcium imaging is not applicable

to visualize calcium transients in IANs (Figure 4B, absence

of FSC) (Eiraku et al., 2008). For example, although calcium

imaging systems with a temporal resolution of >3 ms were

useful for the visualization and identification of calcium

transients in bursting neurons (Figure 3; Eiraku et al.,

2008), they were inappropriate for the detection of spike-

associated calcium transients generated by IANs (Figure 4B,

absence of FSC). Nevertheless, we showed that a combined

setup of calcium imaging and whole-cell patch-clamp

recordings under medium conditions was able to provide

intracellular recordings of the autonomous activity of

IANs. Thus, we confirm that PSC-neuronal populations

consist of inactive, silenced, and spontaneously active neu-

rons (Illes et al., 2007, 2009; Risner-Janiczek et al., 2011),

and demonstrated that most of these spontaneously active

neurons are IANs, having the ability to be active in the

absence of synaptic input.

Mechanisms of Autonomous Activity in IANs

Similar to what was previously observed for IANs in brain

slices (Atherton and Bevan, 2005; Atherton et al., 2008;

Beatty et al., 2012; Guzman et al., 2009; Tazerart et al.,

2008; Yvon et al., 2007), we found that the intrinsic activity

of PSC IANs depended on voltage-gated sodium channels

and persistent sodium currents (Illes et al., 2007). However,

and in contrast to pacemaker neurons of different brain re-

gions (Atherton et al., 2008; Darbon et al., 2002a; Guzman

et al., 2009), the intrinsic activity of PSC IANs did not

depend on LTCCs. Moreover, we excluded other synaptic

systems, such as glycinergic and acetylcholinergic neuro-

transmission, from being involved in the intrinsic activity

of PSC neurons. Therefore, we demonstrated that the

autonomous activity of IANs within PSC-neuronal assem-

blies was not mediated by synaptic communication, but

rather depended on intrinsic mechanisms such as persis-

tently active sodium channels. At present, the possibility

that other ion channels or neurosteroids (Puia et al.,

2012) contribute to or influence autonomous activity in

IANs cannot be excluded and will be the subject of future

investigations.

Function of IANs

The probability that a PB will appear within a neuronal

assembly depends on the connectivity of the neurons

(Arnold et al., 2005; Ivenshitz and Segal, 2010; Latham

et al., 2000a), the interplay of excitatory and inhibitory

neurotransmitter systems (Brunel and Wang, 2003), and

the proportions and properties of the IANs within a

neuronal network (Bazhenov et al., 2008; Latham et al.,

2000a, 2000b). Experimental data and mathematical

models have indicated that neuronal assemblies with a

relatively high proportion of active IANs show fewer
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Figure 7. Firing Behavior of IANs in the Presence of FSC and
Network Activity
(A–C) Firing behavior of IANs and non-IANs in the absence (A) or
presence (B–C) of network activity. Upper traces in A–C: MFR,
100 ms smoothed spike count in bin (spikes in 5 ms intervals))
indicating the absence or appearance of PB (indicated as peaks).
Roman numerals indicate the different phases of PB. Lower traces in
A and B: MEA recordings showing the firing behavior of type II, III,
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spontaneous PBs (Latham et al., 2000a, 2000b). Indeed, our

experimental results clearly show that, although highly

synchronously active cortical and hippocampal neuronal

cultures contained few IANs, asynchronously active PSC-

neuronal assemblies contained a large number of IANs.

Moreover, we demonstrated that under aCSF conditions,

mESC-neuronal networks became synchronously active,

and only a few IANs were able to be autonomously active

under such conditions. In accordance with other experi-

mental data and theoretical models (Latham et al., 2000a,

2000b), we assume that reducing the number of active

IANs by aCSF leads to an increased probability of PBs

occurring. Therefore, the number of active IANs within

neuronal networks is a critical parameter for assessing the

probability of the occurrence of distinct network activity

stages, such as PB.

The IANs described herein have four different firing be-

haviors. Type I IANs are completely inactive in disinhibited

networks. Most likely, synaptic input might completely

‘‘overrule’’ intrinsic neuronal activity, and this silencing

might exclude specific IANs from neuronal network activ-

ity under defined activity states. In contrast, type II and

type III IANs are active during PB, suggesting that these

IANs are recruited by neuronal cell populations to con-

tribute to neuronal processing. In a recent study, a com-

bination of MEA recording with fluorescence imaging

of neocortical cultures from mice expressing GFP in

GABAergic cells revealed that bursts of GABAergic neurons

during PB are characterized by a burst duration of >250 ms

and comprise more than ten spikes per burst (Becchetti

et al., 2012), whereas excitatory neurons show a shorter

burst duration and fewer spikes per burst (Becchetti et al.,

2012; Pouille and Scanziani, 2001). Therefore, we com-

pared the burst characteristics of type II and III IANs during

synchronous PBs (Figure S7). The synchronous bursting

of type II and III is characterized by a burst duration of

240–1,010 ms (mean ± SD = 486 ± 196, n = 37; Figure S7)

and number of spikes per burst of 7.3–27.6 (mean ± SD =

13.6 ± 4.8, n = 37; Figure S7). Since other investigators
and IV IANs (indicated by arrows), and five non-IANs in the absence
or presence of PB.
(C) A detailed example of the firing behavior of type IV IANs during
PBs is depicted. (i) MFR (unsmoothed spike count in bin [spikes in
5 ms]) indicates the appearance of PBs, (ii) SRP, and (iii) electrode
raw data of type IV IANs (channel 34) and non-IANs (channel 28).
Colored lines correspond to the four phases of the firing behavior of
type IV IANs.
See also Figure S6 for the morphologies of spikes generated from
type IV IANs, and for the firing behavior of type I IANs. See
Figure S7 for the firing characteristics of mESC-derived IANs
during PBs.
See also Table S2.
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and we have demonstrated that �70% of mESC-derived

neurons generated by the default SFEB protocol are

GABAergic (Eiraku et al., 2008; Illes et al., 2009; Watanabe

et al., 2005), and the burst characteristics presented here

indicate a GABAergic rather than a excitatory identity, we

conclude that type II and III IANs are GABAergic.

Since the appearance of PBs within the network requires

intrinsic triggers, type III IANs, which are capable of being

spontaneously active before PBs, might be involved in

modulating the appearance of PBs. In contrast to type I,

II, and III IANs, type IV IANs represent a minor population

in PSC-neuronal assemblies and have a unique firing

behavior that is reciprocal to synchronous PBs. Similar

firing behaviors have been reported for HUB neurons local-

ized within the CA3 region of the hippocampus (Bonifazi

et al., 2009), neurons within the CA1 pyramidal layer of

the hippocampus (Fuentealba et al., 2008), pacemaker

neurons localized within the central pattern generator

(CPG) of the spinal cord (Darbon et al., 2002b), and CV1a

neurons within the feeding CPG in the buccal ganglia

(Harris et al., 2010). Based on our observations, we assume

that type IV IANs act as pacemaker neurons that induce

synchronous bursting in disinhibited PSC-neuronal assem-

blies. Type IV IANs have a burst duration of <250 ms,

similar to what has been observed for excitatory neurons

(Becchetti et al., 2012). However, the number of spikes

per burst being R8 is more typical of inhibitory neurons

(Becchetti et al., 2012; Figure S6). Therefore, the inhibitory

or excitatory identity of type IV IANs remains a subject

for future investigations.
EXPERIMENTAL PROCEDURES

Generation of mESC-Derived Neural Cells
ESC lines SV-129 andC57Bl6 (ATCC;Millipore) were differentiated

into a neuronal lineage according to previously published proto-

cols (Illes et al., 2009); for details, see the Supplemental Experi-

mental Procedures. For an overview of the cell lines that were

used for individual experiments, see Table S2. For a detailed

description of the neuronal composition, see Illes et al. (2009)

and Watanabe et al. (2005).

Analyses of MEA Recordings in PSC, Cortical, and

Hippocampal Neuronal Networks
To measure the electrophysiological activity of mESC-derived

neuronal networks, frozen stocks of dissociated neural precursor

cell-enriched SFEB (nSFEB) cells were thawed and 60,000 cells

were cultivated on poly-D-lysine (PDL)/laminin-coated MEAs for

up to 4 months as described previously (Illes et al., 2009). Primary

cortical and hippocampal neurons were obtained from isolated

embryonic cortex or hippocampal tissue, respectively, and culti-

vated on MEAs according to published protocols (Arnold et al.,

2005). Detailed descriptions of the neuronal composition of

primary cortical and hippocampal neuronal cultures can be found
Stem C
elsewhere (Benson et al., 1994; Cáceres et al., 1986; de Lima et al.,

2007, 2009; Gullo et al., 2010b; Sahara et al., 2012). Neuronal

activity was recorded on a weekly basis to monitor neuronal

network development. Only mature neuronal networks in culture

for more than 3 weeks were analyzed. As described elsewhere

(Illes et al., 2009), the MEAs used had a square grid of 60 planar

Ti/TiN electrodes (30 mm diameter, 200 mm spacing) and an

input impedance of <50 kOhm according to the specifications

of the manufacturer (Multi Channel Systems). Signals from all

60 electrodes were simultaneously sampled at 25 kHz, visualized,

and stored using the standard software MC_Rack provided by

Multi Channel Systems. Spike and burst detection was performed

offline with custom-built software (Result GmbH) as described

elsewhere (Illes et al., 2009).

Statistics
Data are presented as means ± SDs; n refers to the number of inde-

pendent recordings in independent neuronal assemblies. The sta-

tistical significance of differences between groups was determined

using the paired t test (GraphPadPrism, version 5.0); p values

below 0.05 were considered significant; p values of <0.05, 0.01,

and 0.001 are indicated as *, **, and ***, respectively. Individual

p values for the different experiments are given in Table S1.

Cell Membrane Potential and Intracellular Ca2+

Recordings
mESC-derived neurons were cultured in neural differentiation

medium on PDL-laminin-coated glass coverslips (1 cm diameter)

or MEAs and used for patch-clamp or Ca2+ imaging after 3 weeks

in culture, respectively. The coverslips were transferred to a record-

ing chamber (Warner Instruments) and mounted on a Nikon

TE2000-U inverted microscope. For combination with MEA

recordings, the MEA system was mounted on the inverted micro-

scope. Experiments were performed at room temperature in

standard cell culture medium. Gabazine, D-AP-5, and NBQX (end

concentration: 50 mM each) were added to this extracellular

solution.

For measurements of intracellular Ca2+, cells were loaded with

Fluo-4/AM for 30min at 37�C, followed by 30min at room temper-

ature. The light source was equippedwith amercury short arc lamp

and an integrated shutter (LEJ Leistungselektronik Jena), and

coupled to the microscope (Nikon TE2000-U) via a liquid light

guide. The light was passed through a filter cube comprising

a 340–380 nm excitation filter, a 440 nm dichroic mirror, and a

435–485 nm emission filter. Then 16-bit grayscale images with a

binning of 1 3 1 were captured every 5 s (exposure time ranged

from 100 to 400 ms) with a cooled CCD camera (SensiCam; pco).

The camera and shutter were controlled by TILLvisION software,

which was also used for analysis. Neurons with bright calcium

signal defined the regions of interest (ROIs). Neurons were identi-

fied according to their round soma showing neurites, and the

neuronal identity of these cells was further confirmed by intracel-

lular recordings and immunocytochemistry (Figure 4). ROI signals

were calculated by subtracting background noise from measured

signal.

Membrane potential recordings were performed in the whole-

cell patch-clamp configuration in the zero-current clamp mode.
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Patch electrode resistances were 3–5 MU. Data were acquired and

analyzed using an EPC-10 amplifier and PatchMaster/FitMaster

software (HEKA). The pipette solution consisted of (in mM)

125 K-gluconate, 4 KCl, 2 MgCl2, 10 HEPES free acid, 10 EGTA,

43 mannitol, 4 Mg-ATP. The pH was titrated to 7.3 with KOH

296 mOsm/kg as measured with a vapor pressure osmometer

(Wescor). Experiments were performed at room temperature in

standard cell culture medium.

Labeling and Immunocytochemistry of Intracellular

Recorded Neurons
Loading of the cells with pipette solution containing 0.1 mg/ml

3 kDA Dextran-Texas red (Molecular Probes) was accomplished

by passive diffusion from the recording electrode during electro-

physiological data collection and for an additional 15 min there-

after. The cells were then washed in PBS and fixed for 15 min in

4% paraformaldehyde before incubation with 1% normal goat

serum (NGS; Sigma) in PBS for 1 hr. The primary antibodies

were monoclonal mouse antibodies to btubulin III (1:750; R&D

Systems) and were applied at 4�C overnight. After the cells were

washed in PBS, the appropriate secondary antibodies coupled

to Cy2 (Dianova) were applied for 1 hr at room temperature. The

cells were counterstained for 1 min with DAPI (2 g/ml; Serva) to

visualize cell nuclei.

Pharmacological Treatment
MEA experiments were performed at 37�C in standard cell culture

medium or aCSF. Gabazine, D-AP-5, and NBQX (end concentra-

tion: 50 mM each) were consecutively added to this extracellular

solution. Riluzole (1, 2, 5, or 40 mM), isradipine (4 mM), or FPL

64176 (2 mM; all from Tocris Bioscience) were applied after the

inhibition of excitatory and inhibitory FSC. Dose responses were

analyzed by consecutively increasing the concentration of AP-5,

NBQX, or riluzole with 2 min of MEA recording and 5 min incu-

bation time after application.

Spike Sorting
Spike sorting was performed by visual inspection and classification

according the spikes’ shape, amplitude, and appearance as single

spikes or bursts (see Figures 3 and S4).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures, seven figures, and two tables and can be found

with this article online at http://dx.doi.org/10.1016/j.stemcr.

2014.01.006.
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