
REST/NRSF-mediated intrinsic homeostasis
protects neuronal networks from hyperexcitability

Davide Pozzi1,2,4,5, Gabriele Lignani1,3,4,
Enrico Ferrea1,6, Andrea Contestabile1,
Francesco Paonessa1,
Rosalba D’Alessandro2,
Pellegrino Lippiello1, Davide Boido2,
Anna Fassio1,3, Jacopo Meldolesi2,
Flavia Valtorta2, Fabio Benfenati1,3

and Pietro Baldelli1,3,*
1Department of Neuroscience and Brain Technologies, Istituto Italiano
di Tecnologia, Genova, Italy, 2Department of Neuroscience, San Raffaele
Scientific Institute, Vita Salute University, Milano, Italy and 3Department
of Experimental Medicine, University of Genova, Genova, Italy

Intrinsic homeostasis enables neuronal circuits to main-

tain activity levels within an appropriate range by mod-

ulating neuronal voltage-gated conductances, but the

signalling pathways involved in this process are largely

unknown. We characterized the process of intrinsic home-

ostasis induced by sustained electrical activity in cultured

hippocampal neurons based on the activation of the

Repressor Element-1 Silencing Transcription Factor/

Neuron-Restrictive Silencer Factor (REST/NRSF). We

showed that 4-aminopyridine-induced hyperactivity en-

hances the expression of REST/NRSF, which in turn,

reduces the expression of voltage-gated Naþ channels,

thereby decreasing the neuronal Naþ current density.

This mechanism plays an important role in the down-

regulation of the firing activity at the single-cell level, re-

establishing a physiological spiking activity in the entire

neuronal network. Conversely, interfering with REST/

NRSF expression impaired this homeostatic response.

Our results identify REST/NRSF as a critical factor linking

neuronal activity to the activation of intrinsic homeostasis

and restoring a physiological level of activity in the entire

neuronal network.
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Introduction

Homeostatic plasticity takes place in neurons upon the long-

term perturbation of neuronal network activity. By adjusting

both the synaptic strength (synaptic homeostasis) and the firing

properties (intrinsic homeostasis), this compensatory mechan-

ism is fundamental to maintain an appropriate operating range

in the network (Turrigiano, 2011). Synaptic homeostasis, also

known as synaptic scaling, has been intensively investigated

and has been found to consist of coordinated molecular and

functional adjustments of both the presynaptic and the

postsynaptic compartments (Turrigiano, 2008; Pozo and Goda,

2010). Intrinsic homeostasis, based on the modulation of

membrane excitability, has been mostly investigated during

prolonged silencing of neuronal activity, in which case it

results in an elevated neuronal excitability through

adjustments in voltage-dependent conductances (Desai et al,

1999; Aptowicz et al, 2004; Kuba et al, 2010). The opposite form

of intrinsic homeostasis, recently reported to develop when

dissociated hippocampal cultures are exposed to chronic

hyperexcitation (Burrone and Murthy, 2003; Grubb and

Burrone, 2010; O’Leary et al, 2010), is still poorly understood.

In particular, the mechanistic link between prolonged

hyperexcitation and the activation of the homeostatic response

remains largely undefined.

The Repressor Element-1 Silencing Transcription Factor/

Neuron-Restrictive Silencer Factor (REST/NRSF) is a transcrip-

tional repressor known to play a key role in neuronal differ-

entiation (Chong et al, 1995; Schoenherr and Anderson, 1995b).

The reduction in REST/NRSF expression from the high levels in

stem cells, which takes place during the transition from

progenitors to mature neurons, increases the expression of

many neuron-specific genes bearing the REST/NRSF binding

sequence RE-1 in their promoter region. Through this

mechanism, REST/NRSF is believed to orchestrate a variety of

processes that are critical for neuronal differentiation, including

neurogenesis, synaptogenesis, excitability, and synaptic

transmission (Ballas and Mandel, 2005; Ooi and Wood, 2007;

D’Alessandro et al, 2009). In apparent agreement with these

data, increases in REST/NRSF induced in mature neurons by

the glutamatergic agonist kainate (Palm et al, 1998; Spencer

et al, 2006) or by ischaemic insults (Calderone et al,

2003; Formisano et al, 2007; Noh et al, 2012) are followed

by a decreased expression of neuron-specific genes and

neurodegeneration. Therefore, increased REST/NRSF levels

have been often considered as harmful in mature neurons.

In contrast, we demonstrate that REST/NRSF expression

induced in mature hippocampal neurons by prolonged treat-

ment with the stimulatory agent 4-aminopyridine (4AP) is a

protective mechanism that governs the inhibitory homeo-

static control of intrinsic excitability. Indeed, we found that

activity-dependent REST/NRSF expression triggers a homeo-

static downregulation of voltage-gated Naþ (VGNa) channels

and currents that allows neurons to readjust the network

firing activity at a physiological set point.
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Results

Increased spontaneous activity of neuronal networks

induced by chronic 4AP triggers homeostatic plasticity

To investigate the effects of increased network activity, we

used mature mouse hippocampal neurons treated for 24, 48,

and 96 h with the Kþ channel blocker 4AP (100mM) or with

vehicle. Long-term changes in the global network activity were

first investigated by measuring [Ca2þ ]i transients occurring

spontaneously in the neuronal cell body after the removal of

4AP (Figure 1A and B). Compared to parallel ‘sister’ cultures

treated with vehicle only, the whole population of neurons

treated with 4AP for 24 h exhibited increases in both the

amplitude and the frequency of spontaneous [Ca2þ ]i transi-

ents. At 48 h of 4AP treatment, however, this enhanced activity

was reduced, reaching values comparable to resting levels at

96 h of treatment (Figure 1C).

The long-term effects of 4AP on the entire neuronal net-

work were investigated with microelectrode array (MEA)

recordings from 20 to 24 div (Figure 1D). At rest, the

extracellularly recorded activity consisted of isolated spikes

and network bursts (Figure 1E), as previously shown (Vajda

et al, 2008). After 24 h in 4AP, the networks displayed much

higher spiking rates, which were dramatically decreased after

48 h and returned to basal values after 96 h of treatment

(Figure 1F). When the medium collected from neuronal

cultures that had been incubated with 4AP for 96 h was

added to control cultures, it induced closely similar responses

to those induced by fresh 4AP, indicating that the reduction in

activity was not due to a loss of 4AP efficacy (Supplementary

Figure S1). We conclude that the early state of hyperexcita-

tion induced by 4AP, revealed by increased firing and [Ca2þ ]i

transients at 24 h, is transient and followed by a return to

basal activity at later stages (48 and 96 h), indicating the

establishment of a neuronal homeostatic response.

The homeostatic response induced by chronic 4AP

reduces neuronal intrinsic excitability through the

downregulation of Naþ channels

To investigate the mechanisms of the homeostatic response at

the cellular level, single-cell neuronal excitability was ana-

lysed by patch-clamp recordings in the current-clamp config-

uration by delivering constant current pulses of increasing

amplitude and measuring the resulting action potential firing

in visually identified excitatory pyramidal neurons

(Figure 2A). Upon 96 h of 4AP treatment, the instantaneous

frequency versus injected current curve revealed a marked

downregulation of the firing activity (Figure 2B) that paral-

leled the strong reduction in the mean firing frequency

(Figure 2C). The shape of the first action potential evoked

by current injection (Figure 2D) was analysed using the plot

of the time derivative of voltage (dV/dt) versus voltage

(Figure 2E). Ninety-six hours in 4AP also reduced the action

potential maximum rising slope (Figure 2F) and peak

(Figure 2G), whereas the voltage threshold (Figure 2H) and
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Figure 1 The initially elevated network activity induced by long-term 4AP treatment spontaneously returns to resting levels.
(A) Representative microphotograph of Oregon green-loaded cultured hippocampal neurons (16 div). Scale bar: 30 mm. (B) Representative
traces of spontaneous Ca2þ rises, as revealed by increases in Oregon green fluorescence, recorded at three neuronal somata incubated in the
absence or presence of 4AP for 24, 48, and 96 h. (C) Normalized mean (±s.e.m.) frequency (left) and amplitude (right) of spontaneous Ca2þ

rises recorded at 18 div in untreated neurons (black bars; n¼ 23) or in neurons treated for 24 (n¼ 22), 48 (n¼ 22), and 96 h (n¼ 62) with 4AP
(red bars). ***Po0.001 (one-way ANOVA followed by the Bonferroni’s test). (D) Representative microphotograph of hippocampal cultures
(20 div) plated on an MEA chip. Electrode diameter, 30mm. (E) Representative voltage traces recorded from cultured neurons incubated for 24 h
in the absence (top) or presence (bottom) of 4AP showing single spike and bursting activities, respectively. Close-ups of the voltage traces are
shown on the right. (F) Time course of the normalized (mean±s.e.m.) spiking rate for neuronal cultures incubated for 24, 48, and 96 h in the
absence (black line/symbols) or presence (red line/symbols) of 4AP. Each culture was recorded over time and the data were normalized for the
respective basal value recorded before the 4AP treatment. The mean spiking rate was transiently enhanced by 4AP treatment for 24 h
(***Po0.001, Friedman’s two-way ANOVA followed by Dunn’s multiple comparison test; n¼ 8 for untreated and n¼ 6 for 4AP-treated
networks), but the effect was lost after 48 and 96 h of 4AP treatment.
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the current threshold density (Figure 2I) were unchanged.

Additional electrophysiological parameters including capaci-

tance, action potential after hyperpolarization, and input

resistance were also unchanged (see Supplementary

Table S1). These data indicate that the activation of a

homeostatic response, induced by long-term hyperactivity,

reduces neuronal excitability.

The intrinsic neuronal excitability is tightly dependent on

the activity of several ion channels. The reduction in the

maximum rising slope and peak of the action potential

(Figure 2F and G) observed upon 96 h of 4AP treatment

strongly suggested the presence of a negative modulation of

the VGNa channels, which predominates in the early phase of

the action potential (Henze and Buzsaki, 2001). To evaluate

the amplitude of the overall Naþ current density (INa) in

treated cells, we used cell-attached macro-patch recordings, a

technique that is not subject to space-clamp errors (Figure 3A

and B; Magistretti et al, 1999).

Membrane patches on the somata of cultured hippocampal

pyramidal neurons, initially clamped at � 100 mV, were depo-

larized by delivering a series of voltage steps between � 60 and

þ 60mV in 10 mV increments (Figure 3B), and the maximum

Naþ current amplitude (INa) at each potential was normalized

to the patched membrane area (Figure 3C). When neuronal

cultures incubated in the presence of 4AP for 96 h were

analysed, a significant reduction in INa density evoked by

depolarization in the � 10/0mV range was observed compared

to sister cultures treated with vehicle (Figure 3C). In contrast,

the activation and inactivation of VGNa currents were substan-

tially unaffected (Figure 3D; Supplementary Figure S2), indicat-

ing that the INa reduction was not due to a change in the

biophysical properties of the channels but, rather, to a decrease

in their membrane expression induced by the 4AP treatment.

Furthermore, if a downregulation of VGNa channels was

really responsible for the reduced neuronal excitability, then

their partial inactivation should mimic the effect observed

upon chronic 4AP treatment. Indeed, sub-saturating concen-

trations of tetrodotoxin (TTX) had effects on the firing

frequency similar to those observed upon 4AP stimulation

(Supplementary Figure S3).

The estimated half-life of VGNa channels is B1–2 days

(Schmidt and Catterall, 1986). Thus, the 96-h treatment with
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Figure 2 Long-term 4AP treatment reduces neuronal excitability at the single-cell level. (A) Representative current-clamp recordings of spike
trains evoked by somatic current injection under control conditions or after 4AP treatment for 96 h. All current-clamp experiments were
performed on neurons with a pyramidal morphology in the presence of synaptic transmission blockers (for details, see Materials and methods).
Mean instantaneous frequency versus injected current relationship (iF/I curve) (B) and mean firing frequency (C) measured either in untreated
neurons (black symbols; n¼ 17) or in neurons treated with 4AP for 96 h (red symbols; n¼ 17). Representative traces of action potential (D) and
phase-plane plot (E) are shown. (F–I) The mean (±s.e.m.) maximum rising slope (F), action potential peak (G), V threshold (H) and current
threshold density (I) calculated either in untreated neurons (black bars; n¼ 14) or in neurons treated with 4AP for 96 h (red bars; n¼ 19) as
described in Materials and methods and Supplementary Table S1. The mean maximum rising slope and action potential peak were significantly
decreased by treatment with 4AP for 96 h (*Po0.05, **Po0.01, Student’s unpaired two-tailed t-test).

Hyperexcitability induces REST-mediated intrinsic homeostasis
D Pozzi et al

2996 The EMBO Journal VOL 32 | NO 22 | 2013 &2013 European Molecular Biology Organization



4AP may be long enough to induce significant reductions in

the levels of the channel proteins. To investigate this

possibility, untreated and 4AP-treated hippocampal cultures

were analysed by western blotting using an anti-pan-VGNa

channel antibody (Figure 3E and F). Upon 96 h of 4AP treat-

ment, the levels of VGNa channels were decreased by over

50%, whereas the levels of the a1 subunit of the Naþ/Kþ

pump, another abundant plasma membrane protein, were

unaffected (Figure 3E and F). The large reduction in the

VGNa channel levels induced by prolonged stimulation may

therefore play a critical role in the homeostatic response

affecting the intrinsic neuronal excitability.

Increased neuronal network activity enhances the expression

of REST/NRSF. The downregulation of VGNa channels ob-

served upon long-term 4AP treatment might result from

various mechanisms operating at the transcriptional and/or

post-transcriptional level. The expression of type II VGNa

channel (Nav1.2), long known as REST/NRSF target (Chong

et al, 1995), has been shown to undergo silencing upon

increases in REST/NRSF levels in both neurons (Nadeau

and Lester, 2002) and PC12 cells (Ballas et al, 2001). These

findings suggested us to investigate whether the changes in

Nav1.2 levels in response to long-term 4AP treatment were

induced by upstream changes in REST/NRSF expression.

Before studying the responses of REST/NRSF and Nav1.2

expression to hyperactivity, we investigated by qRT–PCR

analysis whether the in vitro development of the neuronal

network from 12 to 25 div was associated with endogeneous

changes in REST/NRSF and Nav1.2 mRNA levels. We found

that REST/NRSF mRNA levels, constant during the early

stages of in vitro maturation, increased between 15 and 20

div to reach a steady-state level (Supplementary Figure S4a).

Over a similar time window, the Nav1.2 mRNA was also

upregulated (Supplementary Figure S4b). These temporal

profiles indicate that Nav1.2 expression during this develop-
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Figure 3 VGNa channels are downregulated upon long-term 4AP treatment. (A) Representative microphotograph of a patched pyramidal
hippocampal neuron (16 div). Scale bar: 15 mm. (B) Representative INa traces obtained in cell-attached configuration at various voltages and
recorded in untreated neurons (black traces) or in neurons treated with 4AP for 96 h (red traces). (C) Plots of the mean (±s.e.m.) INa
normalized to the maximum amplitude versus voltage for untreated (black; n¼ 34) and 4AP-treated (4AP 96 h, red; n¼ 20) neurons.*Po0.05;
Student’s unpaired two-tailed t-test with Welch’s correction for non-equal variance. (D) Mean INa current activation (dots) and inactivation
(squares) curves for untreated (black, n¼ 34) and 4AP-treated (red, n¼ 20) cells. The inactivation curve was fitted using a Boltzmann equation
as described in Materials and methods and shown in Supplementary Figure S2. (E) Protein expression levels of VGNa channels (Pan-Nav) and
a1 subunits of the Naþ/Kþ pump evaluated by western blot analysis in untreated or 4AP-treated hippocampal neurons. Five distinct samples
are shown for each experimental group. (F) Immunoreactive bands for VGNa channels (left) and Naþ/Kþ pump (right) were quantified and
normalized to the b-III tubulin signal (see Materials and methods). VGNa channel expression was significantly decreased after 96 h of 4AP
treatment (***Po0.001, Student’s unpaired two-tailed t-test (n¼ 12, from three independent cell-culture preparations). Source data for this
figure is available on the online supplementary information page.
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mental phase is regulated by several factors and that the

parallel changes in REST/NRSF and Nav 1.2 mRNAs are

likely the expression of a general maturation of the network.

Next, we investigated the changes in the expression levels

of REST/NRSF and Nav1.2 at various time points after

the application of 4AP (Figure 4A and B). Remarkably, the

REST/NRSF mRNA displayed a significant increase after 8 h,

peaked at 24 h, remained high up to 48 h and returned to

basal levels at 96 h (Figure 4A). This increase in the

REST/NSRF transcript was precisely mirrored by a parallel,

significant reduction in the levels of Nav1.2 mRNA that

was already apparent at 8 h after 4AP application and

persisted for up to 24 h (Figure 4B). The REST/NRSF mRNA

is translated into an endogeneous protein that migrates

at B195 kDa in western blots (Rodenas-Ruano et al, 2012),

as shown by the electrophoretic mobility of recombinant

REST/NRSF expressed in the SH-SY5Y neuroblastoma cell

line (Figure 4C and the scanned full-length blot in

Supplementary Figure S5). Western blot analysis of cortical

neurons, performed at various time points after the applica-

tion of 4AP, revealed that the transient rise of REST/NRSF

transcription was paralleled by a marked and progressive

increase in the expression of the endogeneous protein at 24,

48, and 96 h of treatment with 4AP (Figure 4C and D).

In previous studies, increases in REST/NRSF induced by

treatment with the glutamatergic analogue kainate or ischae-

mia were reported to be a cause of neuronal death (Calderone

et al, 2003; Spencer et al, 2006). To determine whether this

also occurred in hippocampal cultures chronically treated

with 4AP, a neuronal viability assay with propidium iodide

was carried out (Figure 4E and F). We found that the small

percentage of dead neurons found in untreated cultures

(B7%) was unchanged in cultures treated with 4AP for 24,

48, or 96 h (Figure 4E and F). These data are also supported

by the evidence that the passive membrane properties of

both control and 4AP-treated neurons were totally unaltered

(Supplementary Table S1). In contrast, the percentage of

dead neurons was much higher (B50%) in cultures treated
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with glutamate for 24 h (Figure 4E and F). The dissociation

between the similar increases in REST/NRSF induced by

4AP and glutamate and their quite different effects on

neuronal viability excludes the possibility that an increase

in REST/NRSF levels per se can promote neuronal death.

Exogeneous expression of REST/NRSF in neurons

reduces their intrinsic excitability

To explore the functional role of REST/NRSF in neurons,

16 div hippocampal neurons were transiently co-transfected

with two plasmids encoding for a myc-tagged REST/NRSF

and for GFP, respectively. Four days later, virtually all GFP-

positive neurons exhibited strong myc signals in the nucleus,

demonstrating the expression and correct localization of the

transfected REST/NRSF (Figure 5A).

When short tetanic field stimulations (40 APs at 20 Hz)

were applied to resting cultured neurons (16 div) loaded with

the ratiometric dye Fura-2 in the presence of synaptic trans-

mission blockers (CNQX, AP-5, bicuculline, CGP), rapid cell

body [Ca2þ ]i transients blocked by TTX were triggered with

fast mono-exponential decays (time constant: 5.0±0.4 s)

(Supplementary Figure S6). When GFPþmycREST-positive

neurons were stimulated, their fast [Ca2þ ]i transients were

significantly smaller than those of non-transfected neurons or
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of neurons transfected with the GFP vector alone (Figure 5B),

suggesting a role for REST/NRSF in the control of neuronal

excitability.

We then measured the firing rate in hippocampal pyra-

midal neurons in which REST/NRSF expression had been

increased. The relationship between average instantaneous

frequency and injected current, measured by parallel

patch-clamp experiments, was right shifted in REST/NRSF-

transfected neurons as compared to neurons transfected with

the empty vector (Figure 5C). Neurons overexpressing REST/

NRSF displayed a greatly reduced mean firing rate and action

potential peak and an increased current threshold density

(Figure 5D), but no change in the maximum rising slope

(Figure 5D) and in the V threshold (GFP: � 29.57±2.5 mV,

n¼ 16; REST/NRSF-myc: � 29.08±2.4 mV, n¼ 16). The

reduction in the neuronal firing rate was associated with a

significant decrease in INa revealed by macro-patch record-

ings (Figure 5E). In contrast, the activation and inactivation

curves of somatic Naþ currents were virtually unaffected

(Figure 5F). Taken together, these results demonstrate that

REST/NRSF plays a major role in the control of neuronal

excitability of hippocampal pyramidal neurons.

Exogeneous expression of REST/NRSF downregulates

VGNa channels and downregulates the firing activity of

the whole neuronal network

To investigate the global effects of REST/NRSF on neuronal

network activity, we switched from transfection to infection

of hippocampal cultures using lentiviruses expressing either

mycREST/NRSF together with GFP or GFP alone. Virtually all

neurons of the cultures infected with lentiviruses expressing

GFP and mycREST/NRSF were strongly labelled for the

transcription factor (Figure 6A) and displayed REST/NRSF

mRNA levels 7.01±0.9-fold higher than control GFP-infected

neurons (n¼ 3, Po0.01). Consistent with the results

described above (Figure 5C–F), the levels of VGNa channels,

measured in the cultures by western blotting, were reduced

by B75% in the REST/NRSF-infected cultures (Figure 6B).

The overall network firing activity, assayed by MEA record-

ings, exhibited considerable changes over time in culture.

During the first 7 days post infection (12–18 div), the

physiological, developmentally regulated, increase in the

spiking rate in control and REST/NRSF-expressing networks

almost coincided. During the following 7 days (19–25 div),

however, the spiking rates of control networks continued to

increase, whereas those of the REST/NRSF-infected networks

remained fairly constant (Figure 6C–E). The electrical activity

recorded in the networks is mostly due to collective events

known as ‘network bursts’ (Figure 6C and D). The data were

thus further analysed by calculating the time-dependent

changes in the mean rates and duration of the bursts. The

dramatic impairment in the build-up of the firing rate during

in vitro development observed in the high REST/NRSF cul-

tures was entirely due to a parallel decrease in bursting rate

(Figure 6F), whereas no changes were observed in burst

duration (Figure 6G).

Endogeneous REST/NRSF participates in the

establishment of intrinsic homeostasis following

neuronal hyperactivity

The repression of both single-neuron and neuronal network

excitability induced by REST/NRSF overexpression (see

Figures 5 and 6) is reminiscent of what occurring during

long-term treatment with 4AP (see Figures 1 and 2), a

condition that increases the endogeneous REST/NRSF levels

(see Figure 4). To investigate whether a causal link exists

between high REST/NRSF expression and the homeostatic

reduction in the 4AP-induced hyperexcitability, we employed

two REST/NRSF-specific shRNAs (#1 and #2) that were

assessed to be effective in downregulating both the

exogeneously expressed and the endogeneous REST/NRSF

levels in both cell lines and primary neurons (Supplementary

Figure S7a–c; Tomasoni et al, 2011).

To explore whether the developmental increase in endo-

geneous network activity (Figure 6E–G) is dependent on the

altered REST/NRSF levels, we first monitored neuronal net-

work activity in cultures infected with either scrambled

shRNA or REST/NSRF-specific shRNA#1 by using MEA

recordings. No effects on the age-dependent increase in

spontaneous firing were found upon downregulation of the

endogeneous REST/NRSF levels (Supplementary Figure S7d).

We then investigated the excitability of neurons transfected

with either shRNA#1, shRNA#2 or a scrambled shRNA after

96 h treatment with 4AP, a time point at which spontaneous

Ca2þ waves (Figure 1C), firing activity (Figure 1F) and

electrically evoked [Ca2þ ]i transients (Supplementary

Figure S6c) had returned to control values. Strikingly, in

neurons transfected with shRNA#1, but not with the

scrambled shRNA, such homeostatic responses were absent.

Specifically, the amplitude of the electrically evoked [Ca2þ ]i

responses (Figure 7A), neuronal firing rate (Figure 7B and C),

maximum rising slope (Figure 7D), action potential peak

(Figure 7E), current threshold density (Figure 7F), and

INa density (Figure 7G and H), revealed the persistence of

a state of hyperexcitability as compared to 4AP-treated

neurons expressing the scrambled shRNA. Interestingly, in

the absence of 4AP treatment none of these parameters

were affected by transfection with shRNA#1. Similar results

were obtained in neurons transfected with shRNA#2

(Supplementary Figure S8). Taken together, these data strongly

suggest that the observed changes in intrinsic excitability and

VGNa channel activity during long-term treatment with 4AP

are largely mediated by the increases in REST/NRSF levels.

Physiological activity of the whole neuronal network

is restored by the REST/NRSF-mediated homeostatic

plasticity

To extend these findings to the entire neuronal network, lenti-

viruses encoding either scrambled or the REST/NRSF-specific

shRNAs were employed to infect the majority of neurons

grown onto MEA chips to test the spontaneous network

activity upon long-term 4AP treatment (24, 48, and 96 h;

Figure 8A).

While non-infected neurons (20 div) and neurons infected

with either scrambled shRNA or shRNA#1/#2 displayed very

similar spontaneous firing rates under control conditions

(Figure 8B–D, upper panels), significant differences took

place upon long-term 4AP treatment (96 h; Figure 8C and

D, lower panels). In the cultures infected with the scrambled

shRNA, the responses were similar to those observed in

control cells (see Figure 1E and F), with an initial phase of

hyperexcitation at 24 h, followed by a progressive reduction

in both spiking and bursting rates at 48 and 96 h, to levels

similar to those of parallel cultures not treated with 4AP

Hyperexcitability induces REST-mediated intrinsic homeostasis
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(Figure 8E and F). In contrast, the cultures in which REST/

NRSF had been knocked down by transduction with either

shRNA#1 (Figure 8E) or shRNA#2 (Supplementary Figure S9)

failed to scale down the initially increased neuronal firing

activity and maintained high firing rates for up to 96 h. As

already observed for REST/NRSF overexpression (see

Figure 6F), the effects on the firing rate were entirely due to

changes in bursting rate (Figure 8F) rather than in burst

duration (Figure 8G). Taken together, these results demon-

strate that the changes in endogeneous REST/NRSF levels

induced by the activity of neuronal networks play a key role

in the control of the global firing activity.

Discussion

Homeostatic plasticity, a fundamental process for the stabili-

zation of central neuronal networks, has been shown to take

place both during development (Burrone et al, 2002) and

in the mature brain (Echegoyen et al, 2007). A synaptic

involvement underlying homeostatic plasticity during sus-

tained neuronal activity was shown to consist of coordinated

changes at both the presynaptic (Murthy et al, 2001; Wilson

et al, 2005; Moulder et al, 2006; Zhao et al, 2011) and the

postsynaptic (Seeburg et al, 2008; Gainey et al, 2009; Beique

et al, 2011; Hou et al, 2011) compartments. Although very

effective, synaptic homeostasis is not the only means for

scaling neuronal activity. An alternative and powerful

mechanism is the modulation of the intrinsic excitability

(Turrigiano, 2011) activated by changes in neuronal activity.

In particular, long-term exposure to TTX produces a pattern

of changes in voltage-dependent conductances characterized

by an increase in VGNa current (Desai et al, 1999; Aptowicz

et al, 2004) and a decrease in the persistent Kþ current (Desai

et al, 1999). In contrast, an increase in neuronal activity was
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reported to be associated with a reduction in intrinsic

excitability (Karmarkar and Buonomano, 2006) due to an

enhancement in the sub-threshold Kþ conductance (O’Leary

et al, 2010). More recently, it has been demonstrated that,

during 48 h of clamped depolarization with high KCl, the

VGNa current of the axonal initial segment (AIS) undergoes

relocation along the axon, thereby affecting neuronal

excitability (Grubb and Burrone, 2010). However, the

molecular mechanisms underlying such activity-dependent

reorganization of membrane conductances, as well as their

consequences on the overall activity of the neuronal

networks, are still unexplored.

Here, we have investigated the effects on neuronal firing,

[Ca2þ ]i transients, VGNa currents and overall network activ-

ity triggered by a long-term treatment with a well-known

stimulatory agent, the Kþ channel inhibitor 4AP. We found

4AP to be an appropriate agent for the induction of homeo-

static plasticity. In fact, the hyperactivity induced by the drug,

revealed by [Ca2þ ]i rises and high firing rates 24 h after the

beginning of the treatment, was greatly reduced after 48 h

and virtually abolished after 96 h. Thus, the 4AP-induced

stimulation was balanced by a complex of multifactorial

inhibitory homeostatic responses, developing over time in

the neuronal network.

Previous results have reported that the hyperexcitation-

induced homeostatic plasticity would result from a synaptic

downscaling occurring at both excitatory (Chang et al, 2010;

Goold and Nicoll, 2010) and inhibitory synapses (Hartmann

et al, 2008; Rannals and Kapur, 2011). Although several

mechanisms might be at the basis of such complex event,

we concentrated our study on the downregulation of the

VGNaþ channel-mediated intrinsic excitability of excitatory

shRNA#1

4AP-shRNA#1 
4AP-Scrambled

Voltage (mV)
–60 –40 –20 0 20 40 60

0.4

0.8

1.2

1.6

0

ΔF
/F

o
no

rm
al

iz
ed

 v
al

ue
s

C

B

ΔF
34

0/
38

0 
(A

U
)

A

G

ED

N
or

m
al

iz
ed

 m
ax

im
um

 I N
a

H

N
or

m
al

iz
ed

I N
a 

de
ns

ity
 (

pA
/μ

m
2 )

Injected current (pA)

I-
Fr

eq
 (

H
z)

0 100 200 300 400
0

20

40

60

80 Scrambled

0

10

20

30

40

50

M
ea

n 
fir

in
g 

ra
te

 (
H

z)

A
P

 p
ea

k 
(m

V
)

0

20

40

60

80

C
ur

re
nt

 th
re

sh
ol

d
de

ns
ity

 (
pA

/p
F

)

0.0

0.5

1.0

1.5

2.0

2.5
F

shRNA#1 4AP- shRNA#1 4AP- ScrambledScrambled

0.0

0.5

1.0

1.5

2.0

2.5

0.0

0.5

1.0

1.5

2.0

*

** ** **

**

***
*

*

***

**

*shRNA#1

4AP-shRNA#1 
4AP-Scrambled

Scrambled

M
ax

 r
is

in
g 

sl
op

e 
(V

s–1
)

0

50

100

150

200

* *** *

10 s

0.0

0.5

1.0

1.5

Scrambled
4AP-Scrambled
shRNA#1
4AP-shRNA#1

2.0

Figure 7 REST/NRSF controls intrinsic homeostasis induced by neuronal hyperactivity. (A) (Left) Representative electrically evoked Ca2þ

transients measured at 18 div in neurons transfected with either scrambled shRNA (red trace/bar) or shRNA#1, exposed or not to 4AP for 96 h,
as indicated. (Right) The bar histogram shows the amplitude of evoked Ca2þ transients (means±s.e.m.) recorded in the four experimental
groups. After 4AP treatment, neurons transfected with shRNA#1 (n¼ 61) showed significantly higher Ca2þ transients than neurons transfected
with scrambled shRNA in the absence (n¼ 27) or presence (n¼ 50) of 4AP neurons or neurons transfected with shRNA#1 in the absence of
4AP (n¼ 29) (*Po0.05, ***Po0.001, one-way ANOVA followed by the Bonferroni’s multiple comparison test). (B) Plots of the mean
instantaneous frequency versus injected current (iF/I curve) in pyramidal neurons transfected with either scrambled shRNA or shRNA#1 and
incubated for 96 h in the absence or presence of 4AP (n¼ 11–13 for each treatment). (C–F) Mean (± s.e.m.) firing rate (C), maximum rising
slope (D), action potential peak (E), and current threshold density (F) under the conditions described above. (*Po0.05, **Po0.01,
***Po0.001, one-way ANOVA followed by the Bonferroni’s multiple comparison test). (G, H) Normalized INa density versus voltage plots
(G) and normalized maximum amplitude measured at 0 mV (H) in pyramidal neurons transfected with either scrambled shRNA or shRNA#1
and incubated for 96 h in the absence or presence of 4AP (n¼ 9–12 for each treatment) (*Po0.05, ***Po0.001, one-way ANOVA followed by
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neurons because of its central role in governing network

firing activity. Indeed, we found that firing rate, INa

density, and VGNa channel expression were all strongly

reduced by chronic 4AP treatment as compared to control

conditions.

As Nav1.2 channels are major neuronal REST/NRSF tar-

gets (Chong et al, 1995; Schoenherr and Anderson, 1995a)

and are downregulated in response to an increase in REST/

NRSF expression (Nadeau and Lester, 2002), we

hypothesized that the decreased neuronal excitability

induced by the long-term 4AP treatment could be the

consequence of an activity-dependent increase in REST/

NRSF expression. REST/NRSF, initially identified as a

master factor of neuronal specification during development

(Chong et al, 1995; Schoenherr and Anderson, 1995b; Ballas

and Mandel, 2005; Rodenas-Ruano et al, 2012), has been

extensively investigated in neural cell lines such as PC12 cells

(Bruce et al, 2006; D’Alessandro et al, 2008). Increases from

the low REST/NRSF levels typical of mature neurons

occurring during long-term stimulation with the glutamate

analogue kainate (Palm et al, 1998; Spencer et al, 2006) or

upon ischaemic insults (Calderone et al, 2003; Formisano

et al, 2007) were reported to be critical for the induction of

neuronal death. In contrast, we found that the increases in
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REST/NRSF levels observed upon long-term treatment with

4AP do not lead to neuronal death. While REST/NRSF mRNA

showed a transient increase, REST/NRSF protein was still

upregulated after 96 h of 4AP incubation. The different

temporal profile, likely due to feedback mechanisms

restoring resting state REST/NSRF transcription and/or due

to the longer half-life of REST/NSRF protein with respect to

its mRNA, suggests that the transient activity-dependent

modulation of REST/NRSF and Nav1.2 mRNA is sufficient

to trigger a long-lasting homeostatic response.

The increase in REST/NRSF expression is fundamental for

the establishment of a negative homeostatic response at both

single-neuron and network levels. In fact, the effects of REST/

NRSF overexpression largely phenocopied those obtained

with long-term 4AP treatment. Although qualitatively similar,

these two conditions are not quantitatively identical. Indeed,

the increase in REST/NRSF expression levels induced by

exogeneous overexpression is larger with respect to the

endogeneous upregulation observed upon 4AP stimulation.

Furthermore, it is known that RE-1 sequences located in the

promoter region of several REST/NRSF target genes may

vary considerably in number of repeats and REST/NRSF

binding affinity (Bruce et al, 2004, 2009). Hence, the higher

REST/NRSF levels achieved by exogeneous expression

could induce the repression of other target genes with

lower affinity for REST/NRSF, which are not modulated by

4AP treatment. Moreover, 4AP-mediated hyperactivity might

activate a plethora of activity-dependent plasticity processes

independent of REST/NRSF, with the involvement of

multiple ion channels or proteins responsible for the control

of neuronal excitability. Indeed, another transcriptional

repressor, MeCP2, recruited to the same REST-RE1 site by

CoREST (Ballas and Mandel, 2005), was recently reported to

participate in the synaptic scaling up (Blackman et al, 2012)

and scaling down (Zhong et al, 2012) in response to altered

activity of neuronal circuits. However, the silencing of

endogeneous REST/NRSF during chronic 4AP stimulation

markedly impaired the homeostatic response observed in

excitatory neurons, demonstrating a strong causal link

between high REST/NRSF levels and the 4AP-triggered

downregulation of intrinsic excitability through a reduction

in INa and Nav1.2 expression.

Recently, it has been demonstrated that Nav1.2 channels

are located at the soma and at the proximal region of the AIS,

whereas Nav1.6 channels preferentially accumulate at the

distal end of the AIS, which represents the site for action

potential initiation (Hu et al, 2009). This observation,

together with the higher half-activation voltage of Nav1.2

channels with respect to Nav1.6 channels (Rush et al, 2005),

can explain why the reduced expression of Nav1.2, evoked by

4AP treatment, decreases the action potential peak,

maximum rising slope and instantaneous firing frequency,

but leaves the voltage and current thresholds unaffected.

However, hundreds of genes are known to be REST/NRSF

targets in addition to the Nav1.2 channels (Chong et al,

1995; Schoenherr and Anderson, 1995a; Bruce et al, 2004;

Johnson et al, 2007) and many of them code for channel

proteins. Thus, the possibility that other channels are

involved in the homeostatic response to 4AP stimulation

cannot be ruled out.

The information provided here is also relevant for the

field of epilepsy, in which the role of REST/NRSF is

highly debated. The studies that identified the increase in

REST/NRSF levels induced by kainic acid or ischaemia

(a condition that induces an uncontrolled release of endo-

geneous glutamate) as a factor favouring neuronal death also

indicated that REST/NRSF plays a pathogenic role in the

appearance of the disease (Palm et al, 1998; Calderone

et al, 2003; Spencer et al, 2006; Formisano et al, 2007;

Noh et al, 2012). Results apparently consistent with this

possibility were reported in nociceptive neurons of spinal

ganglia, where increases in REST/NRSF were shown to

increase the excitability (Mucha et al, 2010). Moreover, in

kainate-induced status epilepticus, the increased REST/NRSF

levels were reported to reduce the expression of the

hyperpolarization-activated cyclic nucleotide-gated channel

HCN1, making mice more vulnerable to seizures (McClelland

et al, 2011). In other studies, however, REST/NRSF was

reported to play an antiepileptic effect through the reduced

expression of BDNF (Garriga-Canut et al, 2006). Such a

potential protective role of REST/NRSF during epileptic-like

neuronal activity has been recently reinforced by the

observation that the conditional deletion of REST/NRSF

dramatically accelerates seizure progression in the kindling

model of epileptogenesis (Hu et al, 2011). Thus, the increased

REST/NSRF levels associated with pathological conditions of

hyperexcitability could be the expression of an endogeneous

homeostatic, compensatory response rather than have a

pathogenic role in the progression of the disease.

We have shown for the first time that the increased

expression of REST/NRSF induced by neuronal hyperexcita-

tion can reduce VGNa channel expression, downregulating

INa at the single-cell level and reducing neuronal excitability

and the overall neuronal network firing activity. In contrast,

the levels of endogeneous REST/NRSF do not seem to be

critical for the control of neuronal excitability under resting

conditions and in the progressive increase of network

activity during in vitro development. Despite the similar

increases in REST/NRSF expression observed both upon

sustained 4AP stimulation and during network development,

4AP might positively alter the expression/activity of other

REST/NRSF cofactors, potentiating REST/NRSF-dependent

transcriptional repression. Further studies are needed to

better clarify this point.

In conclusion, although REST/NRSF is known to regulate

the expression of many other genes that may also contribute

to other homeostatic responses, possibly involving a scaling

of synaptic efficiency, the transcriptional repression of VGNa

channels by REST/NRSF appears to be one of the mechan-

isms governing the homeostatic response engaged by hyper-

activity. Taken together, the data demonstrate a novel

function of REST/NRSF in the physiology of mature neurons,

going beyond its well-known role as a master regulation of

neuronal differentiation.

Materials and methods

Cell cultures, transfection, and 4AP treatments
Hippocampal and cortical cultures were prepared from mouse
C57BL/6J (E17–E18) embryos as previously described (Baldelli
et al, 2007).

Patch-clamp recordings
Neuronal firing activity was studied by whole-cell current-clamp
recordings and Naþ current density was measured by macropatch
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cell-attached voltage-clamp recordings. All current-clamp and
macro-patch experiments were performed on morphologically iden-
tified pyramidal neurons by the teardrop-shaped somata and
the presence of an apical-like dendrite (Watt et al, 2000; Pratt
et al, 2003), which resulted GABA negative in retrospective
immunocytochemistry analysis. Both approaches were performed
using a Multiclamp 700B amplifier (Axon Instruments, Molecular
Devices, Sunnyvale, CA, USA) using an upright BX51WI microscope
(Olympus, Japan) equipped with Nomarski optics. The age of the
patched neurons ranged between 14 and 16 div. Patch electrodes,
fabricated from thick borosilicate glasses were pulled and fire-
polished to a final resistance of 5–7 MO (for whole-cell configura-
tion) or 1.5–2 MO (for macro-patch cell-attached configuration).
Recordings with either leak currents 4100 pA or series resistance
415 MO were discarded. Experiments were performed at 22–241C.
Macro-patch experiments and current-clamp recordings aimed at
investigating single-cell firing rate were acquired at 10 kHz and
low-pass filtered at 2 kHz. While the action potential shape was
studied with a sampling frequency of 50 KHz and low-pass filtered
at 10 kHz.

Action potentials were recorded in Tyrode extracellular solution
to which D-(� )-2-amino-5-phosphonopentanoic acid (D-AP5;
50mM), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10mM) and
bicuculline methiodide (30mM) were added to block NMDA, non-
NMDA, and GABAA receptors, respectively. The internal solution
(K gluconate) contained (in mM) 126 K gluconate, 4 NaCl, 1 MgSO4,
0.02 CaCl2, 0.1 BAPTA, 15 Glucose, 5 Hepes, 3 ATP, 0.1 GTP, pH 7.3.
Only cells with resting membrane potentials between � 57 and
� 64 mV were considered for analysis. Current-clamp recordings
were performed at a holding potential of � 70 mV, and action
potential firing was induced by injecting current steps of 25 pA
lasting 1000 ms. Instantaneous frequency (I-Freq.) was calculated
between the first two evoked action potentials for each step.

The parameters describing the action potential shape were
analysed using the pClamp software (Molecular Devices) and the
Prism software (GraphPad Software, Inc.). For each recorded cell,
the plot of the time derivative of voltage (dV/dt) versus voltage,
called phase-plane plot, was obtained starting from the first action
potential elicited by the minimal current injection (5 pA current
steps). This parameter was used to better identify the voltage
threshold and the maximum rising and repolarizing slopes (Bean,
2007). The voltage threshold was defined as the first voltage value
at which dV/dt exceeded 10 mV/ms. The current threshold density
was calculated as the minimum depolarizing current needed to
elicit at least one action potential, divided by the cell capacitance.

Naþ current density was measured as previously described
(Magistretti et al, 1999) with the internal pipette solution
containing (in mM) 130 NaCl, 35 TEA-Cl, 10 Hepes, 2 CaCl2,
2 MgCl2, 5 4AP, pH 7.4. Briefly, once the cell-attached
configuration was obtained, the extracellular solution was rapidly
switched to a high-potassium solution containing (in mM) 140 K
acetate, 5 NaCl, 10 Hepes, 4 MgCl2, 0.2 CdCl2, 25 Glucose, pH 7.4.
The holding potential was set at � 100 mV. Naþ currents were
evoked by step depolarizations of 50 ms to a variable potential from
� 60 to þ 40 mV in 10 mV increments. Non-compensated capacitive
currents were further reduced by subtracting averaged blank traces.
The area of the patched membrane was estimated by measuring the
pipette tip area. The Naþ current density was obtained by dividing
the peak inward current by the area of the patched membrane.
Activation curves were obtained by plotting membrane potential
steps versus Naþ current amplitudes normalized to the maximum
peak current. Inactivation curves were measured from a holding
potential of � 100 mV by depolarizing cells for 500 ms from � 100
to � 10 mV in 10 mV steps followed by 50 ms test pulses to � 10 mV.
Peak Naþ currents were normalized to first peak current.

MEA recordings
Dissociated hippocampal neurons were plated onto 12-well planar
Multi Electrode Arrays (Maestro 768-GL1-30Au200 from Axion
Biosystems). These multi-electrode arrays consist of 768 electrodes
segregated in 12 wells (64 electrodes/well), allowing for simulta-
neous extracellular recordings from different cultures. The electrode
diameter was 30 mm, and the orthogonal distance between electro-
des was 200 mm. The active electrode area was coated with poly-D-
lysine (0.1 mg/ml, Sigma-Aldrich) and laminin (5ml/ml, Sigma-
Aldrich). Raw electrode data were digitized at 12.5 kHz and stored

on a hard disk for further off-line analysis. For the developmental
studies in neuronal cultures, extracellularly detected spontaneous
action potential activity was recorded in Neurobasal solution for at
least 20 min at 36.51C, every 2 or 3 days from 12 to 25 div. Infection
of the neuronal cultures was performed on 12 div after recordings of
basal activity. The activity of the neuronal network was monitored
in the absence and presence of 4AP added for 24, 48, or 96 h and
data were normalized for the respective basal value recorded before
the 4AP treatment. In these experiments, neuronal cultures were
infected with shRNAs at 14 div and recorded from 20 to 24 div.

Spike detection was performed using a voltage-threshold-based
algorithm run over 200 Hz high-pass-filtered traces; the voltage
threshold was six-fold the standard deviation of the noise, whereas
the refractory period was set to 2 ms. Spike train data were analysed
using the Neuroexplorer software (Plexon). Bursts were identified
by using the burst analysis algorithm of Neuroexplorer which
reflects the following criteria: 100 ms maximum inter-spike interval
to include a spike in a burst, 10 ms minimum burst duration
and a minimum of 5 spikes/burst, as previously described (Vajda
et al, 2008).

Calcium imaging and cell-death assays
Hippocampal neurons were loaded with Oregon Green-488 BAPTA-
1, AM (3 mM) or Fura-2, AM (5 mM) (Molecular Probes) for 1 h at
371C, 5% CO2 in Neurobasal medium. Coverslips were mounted on
a stimulation chamber (volume B100ml; Warner Instruments,
Hamden, CT) on the stage of an IX-71 inverted microscope
(Olympus, Hamburg, Germany) equipped with a monochromator
(Polychrome V, TILL Photonics). Cultures were imaged in extra-
cellular Tyrode solution containing (in mM) 2 CaCl2, 140 NaCl,
1 MgCl2, 10 HEPES, 4 KCl, 10 glucose, pH 7.3, 300 mOsm, by using a
cooled CCD camera (ANDOR, iXon 897) and sampling at 1 Hz with a
� 40 objective (0.95 NA). The off-line analysis was performed
with the TILL-vision software. Neurons were identified in bright
field with differential interference contrast (DIC), and regions
of interest (ROIs) of a 40-pixel area were drawn on the cell body.
Ca2þ transients were measured as DF with respect to the baseline
(Fo). Spontaneous activity was monitored for 5 min under resting
conditions and in neurons treated for 24, 48, or 96 h with 4AP
(100mM) or vehicle. Data were normalized to untreated control
cultures recorded at the same developmental stage. Evoked
intracellular Ca2þ transients were induced by using field
stimulation with 40 stimuli (duration: 0.5 ms; amplitude: 20 mA)
delivered at 20 Hz.

For cell-death assays, hippocampal cultures were loaded with
propidium iodide (Sigma) and Hoechst 33342 (Invitrogen) in
Neurobasal medium for 20 min at 371C and 5% CO2. The percent
cell death was determined from the ratio of propidium iodide-
stained cells to the total number of Hoechst-stained cells.

Statistical analysis
The statistical analysis is presented in the figure legends. Data are
given as means±s.e.m. for n¼ sample size. The normal distribu-
tion of experimental data was assessed using D’Agostino-Pearson’s
normality test. The F-test was used to compare variance between
two sample groups. To compare two normally distributed sample
groups, the Student’s unpaired two-tailed t-test was used, with
Welch’s correction applied in case the variance of the two groups
was different. To compare two sample groups that were not
normally distributed, we used Mann–Whitney’s non-parametric
U test. To compare more than two normally distributed sample
groups, we used one- or two-way ANOVA, followed by either the
Bonferroni’s or the Dunnett’s test. In cases in which data were not
normally distributed, one-way ANOVA and two-way ANOVA were
substituted with the Kruskal–Wallis’s and Friedman’s two-way
ANOVA tests, respectively, followed by the Dunn’s post-hoc multiple
comparison test. Alpha levels for all tests were 0.5% (95%
confidence intervals). Exact values of statistical significance for all
experimental data are reported in Supplementary Table S2.
Statistical analysis was carried out by using the SPSS (version 21,
IBM Software) and the Prism software (GraphPad Software, Inc.).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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