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Epilepsy is a disabling neurological disorder that affects about 1% of 
the general population of all ages. About 30% of affected individuals 
continue to have breakthrough seizures despite appropriate pharma-
cological anticonvulsant treatment1, and surgical removal of the epi-
leptic focus is suitable only for a minority. Understanding the causes 
of the pathology underlying the occurrence of seizures is necessary 
and urgent for finding effective and safe treatments.

Fast-spiking interneurons expressing the calcium-binding protein 
parvalbumin, comprising 40–50% of GABAergic interneurons, are the 
dominant inhibitory system in neocortex. They preferentially project 
their axons onto the perisomatic region of target neurons, regulating 
the output of pyramidal neurons2. Dysfunction of the fast-spiking 
interneurons is implicated in the pathogenesis of epilepsy3,4. Thus, 
the causal link between reduced fast-spiking interneuron–mediated 
inhibition and seizures has directed our efforts to counteract the loss 
of inhibition by increasing their activity.

NRG1 is a member of a family of neurotrophic factors that acts 
by activating the tyrosine kinase of ErbB receptors, including ErbB4 
(refs. 5–7). In adult brains, Erbb4 mRNA is enriched in regions where 
interneurons are clustered8. Furthermore, ErbB4 expression is largely 
confined to specific classes of interneurons, particularly parvalbumin 
cells9–13. NRG1 regulates GABAergic transmission13. In addition, 
recent studies demonstrate that ErbB4 in parvalbumin interneu-
rons is critical for NRG1 regulation of pyramidal neuronal activ-
ity and long-term potentiation (LTP) in adult brain14–17. All these 
studies suggest that parvalbumin interneurons are a major cellular  

target of NRG1-ErbB4 signaling in adult brain, and the causal link 
between reduced FS-PV interneuron–mediated inhibition and 
seizures led us to hypothesize that dysfunction of NRG1-ErbB4 is 
involved in epilepsy.

Here we investigated whether NRG1-ErbB4 directly regulates the 
excitability of FS-PV interneurons and the underlying mechanisms. 
Furthermore, we determined whether there is a link between down-
regulated NRG1-ErbB4 signaling and epilepsy in adult brain. We 
found that NRG1, through its receptor ErbB4, increased the excit-
ability of FS-PV interneurons. This effect was mediated by decreasing 
the voltage threshold through Kv1.1. Furthermore, mice with specific 
deletion of ErbB4 in parvalbumin interneurons were more susceptible 
to animal models of epilepsy. Expression of ErbB4 was also reduced in 
human epileptogenic tissue. Our findings suggest that ErbB4 may be a 
target for the development of a new class of anticonvulsant drugs.

RESULTS
NRG1 increases the excitability of FS-PV interneurons
To investigate whether NRG1-ErbB4 signaling regulates the func-
tion of FS-PV interneurons, we first performed whole-cell current-
clamp recordings in acute cortical slices from the transgenic mouse 
lines B13 and G42 expressing enhanced green fluorescent protein 
(EGFP) in most parvalbumin interneurons. Expression in these lines 
is well characterized2,18–20 as effectively targeting fast-spiking cells. 
Further identification of fast-spiking cells by measuring their mem-
brane properties and firing patterns was based upon their distinctive 
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Dysfunction of fast-spiking, parvalbumin-positive (FS-PV) interneurons is implicated in the pathogenesis of epilepsy. ErbB4, a 
key Neuregulin 1 (NRG1) receptor, is mainly expressed in this type of interneurons, and recent studies suggest that parvalbumin 
interneurons are a major target of NRG1-ErbB4 signaling in adult brain. Thus, we hypothesized that downregulation of NRG1-
ErbB4 signaling in FS-PV interneurons is involved in epilepsy. We found that NRG1, through its receptor ErbB4, increased 
the intrinsic excitability of FS-PV interneurons. This effect was mediated by increasing the near-threshold responsiveness and 
decreasing the voltage threshold for action potentials through Kv1.1, a voltage-gated potassium channel. Furthermore, mice with 
specific deletion of ErbB4 in parvalbumin interneurons were more susceptible to pentylenetetrazole- and pilocarpine-induced 
models of epilepsy. Exogenous NRG1 delayed the onset of seizures and decreased their incidence and stage. Moreover, expression 
of ErbB4, but not ErbB2, was downregulated in human epileptogenic tissue. Together, our findings suggest that NRG1–ErbB4 
signaling contributes to human epilepsy through regulating the excitability of FS-PV interneurons. ErbB4 may be a new target for 
anticonvulsant drugs in epilepsy.
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 characteristics18 (Supplementary Table 1). Neuronal excitability was 
measured by a series of 500-ms-step current injections. Patch clamp 
recordings showed that bath application of 10 nM NRG1 decreased the 
average interspike interval (ISI) (82.9 ± 3.1% of the control; P < 0.01;  
Fig. 1) and increased the firing frequency (Fig. 1d and Supplementary 
Fig. 1a). It has been reported that NRG1 is endogenously expressed 
and released by neurons and glia13,21. To determine whether endog-
enous NRG1 regulates the excitability of fast-spiking interneurons, 
we then interfered with the activity of endogenous NRG1 by applying 
ecto-ErbB4, a NRG1-neutralizing peptide. Ecto-ErbB4 (2 µg ml−1) 
substantially dampened the excitability of fast-spiking interneurons 
by prolonging ISI (142.8 ± 7.2% of the control; P < 0.001; Fig. 1a,c,e) 
or by decreasing the firing frequency (Supplementary Fig. 1b). This 
effect seemed specific because it was abolished by heat inactivation 
of NRG1 or ecto-ErbB4 (Fig. 1e).

To examine whether NRG1 also regulates the excitability of fast-
spiking interneurons in other brain regions, we performed the same 
recordings on FS-PV cells in mouse hippocampus. ISI decreased after 
NRG1 treatment but increased after ecto-ErbB4 treatment (Fig. 1f), 
consistent with results in neocortical FS-PV interneurons.

Some studies have shown that NRG1 regulates synaptic currents9,13,22–25,  
so the effect of NRG1 on fast-spiking cell excitability could be caused 
by (i) the excitatory or inhibitory input onto fast-spiking cells or  
(ii) direct modulation of the intrinsic excitability of fast-spiking cells. To 
discriminate between these two possibilities, we blocked synaptic inputs 
with the NMDA receptor antagonist dl-2-amino-5-phosphonovaleric  
acid (dl-AP5; 50 µM), AMPA and kainate receptor antagonist 6,7-
dinitroquinoxaline-2,3-dione (DNQX; 20 µM) and GABAA receptor 
antagonist picrotoxin (100 µM) and found that the effect of NRG1 or 
ecto-ErbB4 on ISI remained (Fig. 1g), suggesting that NRG1 directly 
affects the intrinsic properties of FS-PV interneurons.

To determine whether NRG1 specifically acts on fast-spiking cells, 
we recorded from layer 2/3 pyramidal neurons. Pyramidal neurons 
were indentified by their prominent apical dendrites and adaptive 
firing (Supplementary Table 1). Treatment with NRG1 decreased 
the excitability of layer 2/3 pyramidal neurons. Within 500 ms of 
current injection, there was a reduction of action potential numbers  
from 14.83 ± 1.42 to 11.83 ± 1.30 after treatment with NRG1 

(Supplementary Fig. 2a,b). This is in agreement with a previous 
study14. However, this effect was abolished by picrotoxin (100 µM), a 
GABAA receptor antagonist (Supplementary Fig. 2c), suggesting that 
the effect of NRG1 on pyramidal neurons is mediated by GABAergic 
transmission. To determine whether NRG1 regulates the GABAergic 
transmission onto pyramidal neurons, inhibitory postsynaptic cur-
rents (IPSCs) were recorded from layer 2/3 pyramidal neurons. Bath 
application of NRG1 increased both the amplitude and frequency of 
spontaneous IPSCs (Supplementary Fig. 2d,e). In contrast, it had 
no effect on miniature IPSCs (mIPSCs) (Supplementary Fig. 2f). 
These results indicate that NRG1 indirectly regulates the excitability 
of pyramidal neurons through activity-dependent GABAergic trans-
mission. Taken together, our findings indicated that NRG1 directly 
regulates the intrinsic excitability of FS-PV interneurons.

ErbB4 mediates NRG1’s effect on FS-PV excitability
ErbB4 is highly expressed in parvalbumin interneurons of adult 
brain8,9. To determine whether NRG1 regulates the excitability of 
FS-PV interneurons through ErbB4 receptors, we first used a pharma-
cological approach by treatment with the ErbB4 antagonist AG1478, 
which specifically prevents ErbB4 signaling26. Treatment with 
AG1478 prevented the NRG1-induced decrease in the ISI (Fig. 2a). 
This result suggests a role of ErbB4 in the regulation of fast-spiking 
interneuron excitability by NRG1. AG1478 alone substantially sup-
pressed the excitability of fast-spiking interneurons by prolonging ISI 
(137 ± 12.7% of control, P < 0.01; Fig. 2a), providing further evidence 
that endogenous NRG1 activity may be necessary to maintain the 
intrinsic excitability of fast-spiking cells.

Then, to confirm this effect, we used the Cre-loxP genetic approach 
to ablate ErbB4 expression specifically in parvalbumin interneurons 
by crossing Erbb4loxP/loxP mice27 with Pvalb-cre mice27–29 (Fig. 2b). To 
determine the extent of ErbB4 deletion in parvalbumin interneurons, 
we stained cortical sections with antibodies to parvalbumin and ErbB4. 
In control littermates, ErbB4 was detectable in almost all parvalbumin 
interneurons and in neurons that were not positive for parvalbumin 
(Fig. 2c), in agreement with previous studies9,11,12,30,31. In Pvalb-
cre;Erbb4−/− sections, by contrast, ErbB4 immunoreactivity was abol-
ished in parvalbumin interneurons, but not in parvalbumin-negative 
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Figure 1 Both exogenous and endogenous 
NRG1 increase the excitability of cortical 
and hippocampal FS-PV interneurons. 
(a) Representative action potentials of two  
FS-PV interneurons in cortical layers 2/3 
before (black) and after bath application of  
10 nM NRG1 (top, light gray) or 2 µg ml−1 
ecto-ErbB4 (bottom, dark gray). (b,c) Plots  
of ISI before and after bath application 
of NRG1 (b) or ecto-ErbB4 (c). (d) Plot of 
instantaneous firing frequency (IFF, quantified 
as the inverse of the ISI), illustrating spike 
frequency acceleration after bath application 
of NRG1. (e) Normalized ISI of cortical layer 
2/3 FS-PV interneurons before and after  
bath application of 10 nM NRG1, 2 µg ml−1  
ecto-ErbB4, 10 nM denatured NRG1 or 2 µg ml−1 
denatured ecto-ErbB4. n = 7 or 8; **P < 0.01,  
***P < 0.001. (f) Normalized ISI of 
hippocampal FS-PV interneurons before and 
after bath application of 10 nM NRG1 or  
2 µg ml−1 ecto-ErbB4. n = 6 or 7; *P < 0.05,  
***P < 0.001. (g) Normalized ISI in the 
presence of drugs (50 µM DL-AP5, 20 µM DNQX and 100 µM picrotoxin) before (drugs) and after 10 nM NRG1 (drugs + NRG1) or 2 µg ml−1  
ecto-ErbB4 (drugs + ecto-ErbB4). n = 7; **P < 0.01. Error bars represent s.e.m.
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neurons (Fig. 2c). These results demonstrated the specific loss of ErbB4 
in parvalbumin interneurons. To assist electrophysiological recording 
from FS-PV interneurons, Pvalb-cre;Erbb4−/− mice were further crossed 
with G42;Erbb4loxP/loxP mice, where G42 represents Gad1-EGFP line 
G42, in which the parvalbumin-positive subset of GABAergic neurons 
are fluorescently labeled. Then we tested the effect of NRG1 in slices 
from parvalbumin-specific ErbB4 knockout mice. In contrast to the 
abbreviation of ISI by NRG1 treatment in G42;Erbb4loxP/loxP mice (8.9 ±  
0.7 ms to 7.4 ± 0.6 ms, P < 0.01; Fig. 2d,e), there was no change in 
ISI by NRG1 applied in G42;Pvalb-cre;Erbb4−/− mice. G42;Pvalb-
cre;Erbb4−/− mice also had a reduced intrinsic excitability of fast- 
spiking interneurons, as shown by a prolonged ISI (8.9 ± 0.5 ms to  
11.7 ± 0.7 ms; P < 0.05; Fig. 2d,e), consistent with pharmacological 
inhibition of ErbB4 (Fig. 2a) and in further support of the involve-
ment of endogenous NRG1 in regulating the excitability of fast-spiking 
interneurons. These results indicate that ErbB4 is critical for the regula-
tion of FS-PV interneuronal excitability by NRG1.

NRG1 decreases the voltage threshold of action potentials
To investigate the mechanisms underlying the NRG1 regulation of  
FS-PV interneuron excitability, we further analyzed the action potential  
parameters. NRG1 increased the slope of initiation, whereas ecto-
ErbB had the opposite effect (Fig. 3a). Plots of membrane potential 
rate of change dV/dt versus membrane potential showed that the volt-
age threshold for action potential generation shifted to more hyperpo-
larized levels (−40.2 ± 1.47 mV to −43.6 ± 1.26 mV, P < 0.01; Fig. 3b,c)  
after NRG1 treatment, whereas they shifted to more depolarized levels 
(−40.9 ± 1.09 mV to −35.8 ± 1.54 mV, P < 0.01; Fig. 3c) after ecto-ErbB4 
treatment. However, we found no significant change in other spike 
shape parameters, including afterhyperpolarization (−21.8 ± 1.65 mV  
to −22.1 ± 1.92 mV; P = 0.45), amplitude (68.5 ± 0.94 mV to 67.6 ± 
1.64 mV; P = 0.44) and half-width (0.34 ± 0.01 ms to 0.35 ± 0.01 ms; 
P = 0.25) after NRG1 treatment. We also checked the voltage thresh-
old for the generation of action potentials in FS-PV interneurons in 
slices from G42;Erbb4loxP/loxP and G42;Pvalb-cre;Erbb4−/− mice. FS-PV 
interneurons in slices from G42;Pvalb-cre;Erbb4−/− mice had a more 
depolarized voltage threshold for action potential generation (−34.4 ±  
1.1 mV) than those from G42;Erbb4loxP/loxP mice (−40.0 ± 1.1 mV, 
 P < 0.01), providing in vivo evidence that ErbB4 is important in the 
regulation of action potential generation of FS-PV interneurons.

Next we measured passive membrane properties, including input 
resistance, resting membrane potential, membrane time constant 
and membrane capacitance, and found no significant difference with 
NRG1 treatment (Supplementary Fig. 3a–d). These results indicated 
that NRG1 treatment does not affect the passive membrane properties 
of these neurons.

To confirm the effect of NRG1 on the voltage threshold for action 
potential generation, we directly measured the threshold current for 
action potential generation by probing with small current steps18. 
With the increase of injected current, all FS-PV interneurons showed 
high-frequency discharges. Ecto-ErbB4 alone reversibly increased the 
threshold current (Fig. 4a,b) and suppressed the excitability of fast-
spiking interneurons in the absence of exogenous NRG1, as shown by 
a decreased firing frequency (P < 0.001; Fig. 4c). The inhibitory effect 
was evident within 5 min of ecto-ErbB4 application, reached a maxi-
mum at 15 min and disappeared about 15 min after the removal of 
ecto-ErbB4. The effect of NRG1 on the threshold current was opposite 
to that described for the application of ecto-ErbB4 (Supplementary 
Fig. 4a,b). These results indicated that NRG1 influences the excit-
ability of FS-PV cells by regulating the near-threshold responsiveness 
(the slope of spike initiation) and action potential threshold.

Kv1.1 is a molecular target of NRG1-ErbB4 signaling
Considering that the Kv1 subfamily of voltage-gated potassium chan-
nels operate at near-threshold potentials18,32,33, we hypothesized that 
Kv1 channels are targets for the modulation of FS-PV interneuronal 
excitability by NRG1. To test this hypothesis, we used electrophysiolog-
ical and biochemical approaches. In agreement with a previous study, 
our data showed that the Kv1.1-specific blocker DTx-K34 reduced 
the threshold current for action potential generation (Fig. 4d and 
Supplementary Fig. 5) and increased the firing frequency (Fig. 4e and 
Supplementary Fig. 5). Moreover, treatment with DTx-K prevented 
ecto-ErbB4 from increasing the threshold current and decreasing the 
firing frequency (Fig. 4d,e), suggesting that the regulation of FS-PV 
interneuronal excitability by NRG1 is mediated by DTx-K-sensitive 
potassium channels.

To investigate the involvement of DTx-K-sensitive potassium chan-
nels further, we first carried out voltage-clamp recordings to deter-
mine whether the overall K+ current was changed by neutralizing the 
activity of endogenous NRG1 with ecto-ErbB4. We applied a series of 
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Figure 2 Ablation of ErbB4 in parvalbumin neurons prevents NRG1 from increasing excitability of FS-PV interneurons.  
(a) Histogram of ISI of action potentials in slices with 5 µM AG1478 treatment for 15 min before the addition of NRG1.  
n = 6, **P < 0.01. (b) Genotyping of G42;Pvalb-cre;Erbb4−/− mice. DNA was isolated for PCR with three indicated 
primers pairs. The Erbb4 primers generated a 363-bp product in the wild-type or a 500-bp product in the loxP-flanked 
allele. The Pvalb-cre primers generated a 250-bp product and G42 primers generated a 400-bp product. (c) Specific 
ablation of ErbB4 in parvalbumin neurons. Cortical slices from G42;Pvalb-cre;Erbb4−/− and G42;Erbb4loxP/loxP stained 
with anti-ErbB4 and parvalbumin antibody. Slices were also stained with DAPI to indicate nuclei. Arrows, parvalbumin 
neurons; arrowheads, parvalbumin-negative neurons. Scale bar, 10 µm. (d) Representative action potentials of two  
FS-PV interneurons in cortical layers 2/3 in slices from G42;Erbb4loxP/loxP (top) and G42;Pvalb-cre;Erbb4−/− (bottom) 
mice. Superimposition of action potentials before (black) and after 10 nM NRG1 (light gray) treatment. (e) Summary 
histogram of NRG1-induced acceleration of ISI in slices from G42;Erbb4loxP/loxP and G42;Pvalb-cre;Erbb4−/− mice with 
NRG1 (+) or control ACSF (−) treatment. n = 7, *P < 0.05, **P < 0.01. Error bars represent s.e.m.
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voltage clamp pulses from −80 mV to −20 mV to generate a K+ current 
with a maximal contribution from the Kv1.1 channels.

Current subtraction analysis was used to separate the DTx-K-sensitive 
or ecto-ErbB4-regulated current components. Subtraction of currents  
in the presence from those in the absence of ecto-ErbB4 (Fig. 5a) 
revealed a K+ current component that was regulated by ecto-ErbB4 
(Fig. 5a, bottom). Subtraction of currents in the presence from 
those in the absence of DTx-K (Fig. 5b) revealed a Kv1.1 channel 
current component (Fig. 5b, bottom) that was sensitive to DTx-K.  
Ecto-ErbB4 application upregulated the outward K+ currents, which  
were completely inhibited by subsequent treatment with DTx-K  
(Fig. 5a,c). Moreover, when brain slices were pretreated with DTx-K,  
the K+ currents upregulated by ecto-ErbB4 were totally abol-
ished (Fig. 5b,d). These results indicated that the whole current  

regulated by ecto-ErbB4 was DTx-K sensitive. Next we compared 
the amplitude and voltage dependence of the DTx-K-sensitive com-
ponent with (Fig. 5a) and without (Fig. 5b) ecto-ErbB4 applica-
tion and found about a doubling in the amplitude after ecto-ErbB4 
treatment (Fig. 5e). Together, the above results demonstrated that 
endogenous NRG1 has a powerful inhibitory effect on the Kv1.1 
channel current.

There are two possible means for the regulation of Kv1.1 channels  
by NRG1-ErbB4: one is changing the number of channels on the 
membrane, and the other is regulating channel phosphorylation. First, 
to test the expression of Kv1.1 with or without NRG1 treatment, we 
performed western blots with Kv1.1α subunit-specific antibodies, 
which revealed no significant change in the levels of Kv1.1 after NRG1 
treatment (Fig. 5f and Supplementary Fig. 6).
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Figure 4 Reversible increase of threshold current for action potential generation by ecto-ErbB4 and inhibition by DTx-K. (a) Left, voltage response 
of a representative FS-PV interneuron in layer 2/3 of mouse cortex to current injections of, from bottom to top, 230 (the threshold current for spike 
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Second, to explore whether NRG1 can phosphorylate Kv1.1, we 
assayed coimmunoprecipitation of Kv1.1 and phosphotyrosine or 
phosphoserine in membrane extracts of mouse brain. Phosphotyrosine 
that coimmunoprecipitated with Kv1.1 from the membranes increased 
progressively over time after NRG1 treatment (maximum about 500% 
of control; Fig. 5f,g). No significant change of immunoreaction was 
detected with anti-phosphoserine in the immunoprecipitated Kv1.1 
from mouse cortical membrane extracts (Supplementary Fig. 7). 
These data demonstrated that the level of tyrosine-phosphorylation 
of the Kv1.1 channel protein was regulated by NRG1 signaling.

To further confirm a modulation by NRG1-ErbB4 signaling of the 
Kv1.1 channel in parvalbumin interneurons, we investigated the tyro-
sine phosphorylation of Kv1.1 in the Pvalb-cre;Erbb4−/− mice. The 
phosphorylation of Kv1.1 was lower in the Pvalb-cre;Erbb4−/− mice 
than in control Erbb4loxP/loxP mice (67.7 ± 5.6% of control; P < 0.001, 
Fig. 5h). This result suggest that the Kv1.1 channel is regulated by 
NRG1-ErbB4 signaling in parvalbumin interneurons.

Increased seizure susceptibility in Pvalb-cre;Erbb4−/− mice
To assess the pathophysiological consequences of NRG1-ErbB4 dys-
function in FS-PV interneurons, we measured seizure susceptibility  
in Pvalb-cre;Erbb4−/− mice. We gave Erbb4loxp/loxp and Pvalb-cre; 
Erbb4−/− mice the common convulsant agent pentylenetetrazole 
(PTZ), which is considered to be a GABA receptor antagonist. The 
Pvalb-cre;Erbb4−/− mice developed higher seizure stages (2.7 ± 0.4 to 
4.4 ± 0.38; P < 0.05) and a greater percentage of generalized seizures 
(22.2% to 75%; P < 0.05) than the Erbb4loxp/loxp mice. We also injected 
pilocarpine and quantified the percentage of mice that developed 
status epilepticus. More than half of the Pvalb-cre;Erbb4−/− mice 

developed status epilepticus, whereas the Erbb4Loxp/Loxp mice were 
less likely to suffer from status epilepticus (10% to 56%; P < 0.05). 
Thus, with both chemoconvulsants, loss of ErbB4 in parvalbumin 
interneurons increased seizure susceptibility.

Our findings predict that pharmacological stimulation of the NRG1-
ErbB4 axis should contribute to anticonvulsant action. To test this, we 
increased extracellular NRG1 in Erbb4Loxp/Loxp mice by intracerebro-
ventricular delivery of recombinant NRG1 20 min before PTZ or pilo-
carpine application. All mice developed generalized seizures within 
30 min of administrating PTZ (60 mg per kilogram body weight); 
however, the mice given NRG1 showed lower seizure stages (5.6 ± 
0.2 to 5.0 ± 0.2; P < 0.05) and less frequent generalized seizures than 
mice given vehicle (3.0 ± 0.3 to 1.5 ± 0.3; P < 0.01). In the pilocarpine 
group, NRG1 treatment greatly reduced the percentage of mice that 
developed status epilepticus (89% to 40%; P < 0.05) and delayed the 
onset of seizures (33.5 ± 2.1 min to 54.5 ± 7.7 min; P < 0.05).

Decreased ErbB4 expression in human epileptogenic tissue
To further demonstrate the link between ErbB4 and epilepsy, we used 
immunoblotting to assess the expression of ErbB4 in cell membranes 
from the epileptogenic foci in subjects with temporal lobe epilepsy 
(TLE) and in samples from control individuals. The level of ErbB4 
protein in TLE samples was only about 60% of that in the control 
group (Fig. 6a,b and Supplementary Fig. 6); by contrast, the expres-
sion of ErbB2 was not different from that in the control group in 
subjects with TLE (Fig. 6a,b).

Considering that the individuals with TLE had undergone more than 
2 years of medical therapy, we wondered whether anticonvulsant medi-
cation altered the expression of ErbB4. We previously investigated the 
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effects of chronic treatment with valproic acid (260 mg kg−1) or sodium 
phenytoin (10 mg kg−1) on the expression of ErbB4 in mice35. Both are 
clinically used anticonvulsant drugs36,37. ErbB4 expression in the mice 
treated with valproic acid or sodium phenytoin did not significantly 
differ from those treated with vehicle (Supplementary Fig. 8).

DISCUSSION
The main findings of this study are as follows. First, exogenous NRG1 
increased the excitability of FS-PV interneurons, but this was inhibited 
by the neutralizing peptide ecto-ErbB4. Second, blockade or ablation 
of ErbB4 in parvalbumin interneurons blocked the firing potentia-
tion by NRG1, suggesting that this effect of NRG1 is dependent on 
its receptor ErbB4. Third, the voltage threshold for action potential 
generation shifted toward more hyperpolarized levels and the near-
threshold responsiveness increased after NRG1 treatment. Notably, we 
found that the shift of voltage threshold was mediated by inhibition of 
Kv1.1 voltage-gated potassium channels. Fourth, Pvalb-cre;Erbb4−/− 
mice were much more susceptible to PTZ- and pilocarpine-induced 
models of epilepsy, and seizures were ameliorated by NRG1. Finally, we 
showed that the expression of ErbB4 protein in the epileptogenic foci 
from individuals with TLE was reduced. In sum, our study identified 
Kv1.1 as a downstream target of NRG1-ErbB4 signaling in the regula-
tion of interneuronal excitability. These findings suggest that the level 
of NRG1-ErbB4-Kv1.1 signaling is a risk factor for epilepsy.

It has been shown that NRG1 regulates pyramidal neuron activity and 
LTP by means of GABAergic transmission14,15. All these studies suggest 
that GABAergic interneurons are a major cellular target of NRG1-ErbB4 
signaling. In the present study, we provide evidence that NRG1-ErbB4 
directly regulates FS-PV interneuronal intrinsic excitability and, further-
more, that this effect does not occur through the regulation of synaptic 
inputs, because the effects of NRG1 were not blocked by the appli-
cation of picrotoxin, dl-AP5 and DNQX. Parvalbumin interneurons 
have a fast-spiking firing pattern2,38 and are the dominant inhibitory 
system in neocortex. They preferentially project their axons onto the 
perisomatic region of target neurons, regulating the output of pyramidal 
 neurons2. The NRG1 regulation of pyramidal neuron activity and LTP 
by GABAergic release14,15 may therefore occur downstream of regulat-
ing the excitability of interneurons by NRG1. In our study, this was con-
firmed because in the presence of picrotoxin NRG1 was no longer able 
to suppress pyramidal neuronal activity, suggesting that NRG1-ErbB4 
does not directly regulate the activity of pyramidal neurons.

Electron microscopy and immunofluorescence studies show that 
Kv1.1-containing potassium channels are specifically localized to the 
axon initial segment of interneurons in cortex32,39. These channels 
powerfully influence the excitability of fast-spiking cells through regu-
lation of voltage threshold and near-threshold responsiveness18,40. Our 
results showed that NRG1 influenced the excitability of FS-PV cells by 
regulating the near-threshold responsiveness and voltage threshold of 
the action potential, and this effect was blocked by the Kv1.1 subunit-
specific blocker DTx-K, suggesting that the Kv1.1 potassium channel 
is a molecular target of NRG1-ErbB4 signaling. This conclusion is 
further supported the powerful inhibitory effect of endogenous NRG1 
on Kv1.1 channel current. It has been shown that tyrosine phosphor-
ylation suppresses the whole-cell outward current of this channel41–43. 

Indeed, we found that NRG1 increased the tyrosine phosphorylation 
of Kv1.1 in membrane. These results suggest for the first time the pos-
sible involvement of tyrosine phosphorylation of Kv1.1 protein by the 
tyrosine kinase of the ErbB4 receptor. Future studies are necessary to 
investigate the underlying molecular mechanisms.

Consistent with the powerful inhibition of FS-PV interneuronal excit-
ability by NRG1-ErbB4 signaling, deletion of ErbB4 in parvalbumin 
interneurons led to a high seizure sensitivity in mice. Moreover, expres-
sion of ErbB4, but not ErbB2, was decreased in human epileptogenic 
tissue. Our findings suggest that downregulation of NRG1-ErbB4 signal-
ing contributes to human epilepsy through decreasing the excitability of  
FS-PV interneurons. It has been reported that deletion of some genes 
regulating excitability in fast-spiking interneurons, such as Kcnc2 (encod-
ing Kv3.2)3 and Scn1a (ref. 4), leads to epilepsy in mice. Those studies 
all support the idea that dysfunctional FS-PV interneuronal inhibition 
is involved in the etiopathogenesis of seizures3,4. There is a bidirectional 
relation between schizophrenia and epilepsy, and the two diseases may 
share genes and biological phenotypes44. Considering that NRG1 and 
ERBB4 are known to be schizophrenia susceptibility genes, it would be 
worthwhile to determine whether they are also epilepsy susceptibility 
genes. In addition, our result that NRG1 reduces seizures suggests that 
ErbB4 may be a new target for anticonvulsant effects in the epilepsies.

Point mutations in the Kv1.1 gene KCNA1 and mutations in Kv1.1-
associated proteins have been described in human epilepsy syn-
dromes45–48. Ablation of Kv1.1 in the hippocampus produces profound 
epilepsy in mice49. Our results imply that suppressing the inhibition 
of FS-PV interneuronal excitability by Kv1.1 may contribute to the 
increased susceptibility to seizures in mice lacking ErbB4 proteins. This 
therefore raises the possibility that the observed phenotype in Kv1.1 
knockout mice might be mainly due to pyramidal cell dysfunction. The 
exact cellular basis of this pathology remains unclear. Future work is 
required to investigate Kv1.1 effects in interneurons and pyramidal neu-
rons, by using respectively Pvalb-Kcna1 and Camk2a-Kcna1 conditional 
knockout mice instead of Kcna1−/− (Kv1.1 null) knockout mice.

Cre expression in Pvalb-cre;Erbb4−/− mice occurs on postnatal day 
13. This late-onset deletion may not cause developmental deficits that 
require early gene deletion. For example, mIPSCs are unchanged in 
Pvalb-cre;Erbb4−/− hippocampus14. When ErbB4 is ablated by recom-
bination from Dlx5/6-cre, which begins to be expressed at embryonic 
day 13.5, mice have a reduced frequency of mIPSCs in pyramidal  
neurons9. Therefore, the NRG1-ErbB4 regulation of FS-PV interneuro-
nal excitability and increased sensitivity to epilepsy in Pvalb-cre;Erb4−/−  
mice may be not due to developmental deficits in interneurons.

Overall, our work identifies Kv1.1 channel as a new molecular target 
of NRG1-ErbB4 signaling in the regulation of FS-PV interneuronal 
excitability and reveals that NRG1-ErbB4-Kv1.1 signaling may func-
tion in the pathology of epilepsy. Our findings also suggest that ErbB4 
might be targeted to attain anticonvulsant effects in the epilepsies.

METhODS
Methods and any associated references are available in the online  
version of the paper at http://www.nature.com/natureneuroscience/.
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control and TLE groups. n = 4, ***P < 0.001. Error bars represent s.e.m. 
Full-length blots are presented in Supplementary Figure 6.
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Note: Supplementary information is available on the Nature Neuroscience website.
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ONLINE METhODS
Reagents and mice. The NRG1 used is a recombinant polypeptide containing 
the entire EGF domain of β-type Neuregulin 1 (Prospec). The coding sequence 
for the ecto-domain of ErbB4 (amino acids 1–659, ecto-ErbB4) was subcloned 
into pC4DNA/Fc to generate pErbB4ex/Fc. HEK-293 cells stably expressing 
ecto-ErbB4 were generated and cultured in low–immunoglobulin G medium 
for collection of conditioned medium. ErbB4ex/Fc was purified by a HiTrap 
column (Amersham). dl-2-Amino-5-phosphonovaleric acid (dl-AP5), DNQX, 
TTX and picrotoxin were purchased from Tocris Bioscience and DTx-K from 
Alomone Labs. PTZ was from Research Biochemicals, valproic acid from Sanofi 
Aventis and sodium phenytoin from Tianjing Lisheng. Other chemicals were 
from Sigma-Aldrich. When necessary, chemicals were dissolved in dimethyl-
sulfoxide (DMSO, Sigma); the final concentration of DMSO was <0.01% when 
applied to brain slices.

Primary antibodies used were rat monoclonal anti-Kv1.1 (NeuroMab), mouse 
monoclonal anti-phosphotyrosine (P-Tyr-102, Cell Signaling Technology), mouse 
monoclonal anti- phosphoserine (p-Ser (1C8), Santa Cruz Biotechnology, Inc.), 
mouse monoclonal anti-parvalbumin (PV235, Swant), rabbit anti-ErbB4 (Santa 
Cruz Biotechnology), rabbit anti-ErbB2 (Santa Cruz Biotechnology), rabbit anti-
caveolin-1 (Cell Signaling Technology) and mouse monoclonal anti–β-actin 
(Sigma). DAPI was used to stain nuclei.

Transgenic mice lines B13 and G42, expressing enhanced green fluorescent 
protein (EGFP) in parvalbumin interneurons, have been well characterized2,19,20 
for effectively targeting fast-spiking cells. ErbB4 conditional knockout mice 
were generated by a loxP-Cre strategy. Pvalb-cre mice were crossed with mice 
carrying a loxP-flanked Erbb4 gene to generate Pvalb-cre;Erbb4−/− mice, with 
Erbb4loxP/loxP mice as a control. To assist electrophysiological recording of par-
valbumin interneurons, the conditional mutant mice were further crossed with 
G42;Erbb4loxP/loxP mice. All mice were housed under a 12-h light/dark cycle and 
had access to food and water ad libitum. The use and care of the mice complied 
with the guidelines of the Animal Advisory Committee at Zhejiang University 
and the US National Institutes of Health Guidelines for the Care and Use of 
Laboratory Animals. In total, about 287 mice were used in this work. For behav-
ioral experiments, only male mice were used.

Slice preparation. We made coronal slices of the cortex or hippocampus from 
mice about 4 weeks old. Slices (300 µm) were prepared with a Vibroslice (Leica 
VT 1000S) in ice-cold artificial cerebrospinal fluid (ACSF), which consisted of 
125 mM NaCl, 3 mM KCl, 1.25 mM NaH2PO4, 2 mM MgSO4, 2 mM CaCl2,  
25 mM NaHCO3 and 10 mM glucose. After recovery for ~60 min, incubation in 
ACSF at 33 °C was followed by ~60 min at 22 °C, when slices were transferred to 
the recording chamber and superfused (3 ml min−1) with ACSF at 32–33 °C. All 
solutions were saturated with 95% O2, 5% CO2.

electrophysiology. Neurons were visualized with an infrared-sensitive CCD  
camera with a ×40 water-immersion lens (Nikon, ECLIPSE FN1) and recorded 
using whole-cell techniques (MultiClamp 700B Amplifier, Digidata 1440A analog- 
to-digital converter) and pClamp 10.2 software (Axon Instruments/Molecular  
Devices). For action potential recording, glass pipettes (3–4 MΩ) were filled with 
a solution containing 130 mM potassium gluconate, 20 mM KCl, 10 mM HEPES 
buffer, 4 mM Mg-ATP, 0.3 mM Na-GTP, 10 mM disodium phosphocreatine 
and 0.2 mM EGTA, pH 7.2 with KOH, 288 mOsm. ISI, calculated for averaged 
intervals between sequential action potentials in a train elicited in response to a 
500-ms suprathreshold current of 400 to 800 pA, was used to quantify the excit-
ability of FS-PV interneurons. The shape parameters were measured from action 
potentials evoked by 500-ms current injection. Voltage threshold was defined as 
dV/dt = 10 mV ms−1. The slope of initiation was measured as the slope from the 
trough voltage of action potential repolarization to the subsequent voltage before 
action potential initiation. Spike amplitude was measured as the voltage difference 
between the peak and the threshold of the action potential. Fast afterhyperpolari-
zation was measured as the difference between the spike threshold and minimum 
voltage after the action potential peak. Spike width was measured at half the spike 
amplitude. Firing adaptation (ISI1/ISIn) was calculated by dividing the averaged 
last five ISIs evoked by suprathreshold current by the first interval of the train. 
Threshold current for spike generation (ITH) was the minimum depolarizing 
current needed to elicit at least one action potential. Membrane time constant 
(τ) was measured using a single exponential fit of the voltage deflection produced 

by small hyperpolarizing current injection from resting membrane potential. All 
analysis was performed using customized routines in Matlab.

To measure the potassium channel currents in voltage clamp, the patch pipette 
(3–4 MΩ) was filled with the same solution as for current-clamp recording. We 
applied a series of voltage pulses from −80 mV to −20 mV for 3 s and gener-
ated an outward current. Currents were evoked by voltage steps up to −20 mV. 
This enabled us to investigate low-threshold currents without introducing series 
resistance errors associated with large currents. For GABAergic postsynaptic 
current recordings, a symmetric chloride internal solution (in mM) was used 
for recording IPSCs: 120 mM KCl, 20 mM potassium gluconate, 10 mM HEPES,  
2 mM MgCl2, 4 mM Mg-ATP, 0.3 mM Na-GTP 10 mM disodium phosphocrea-
tine and 0.5 mM EGTA, pH 7.2 with KOH, 288 mOsm. To isolate spontaneous 
IPSCs, the ACSF contained 50 µM dl-AP5 and 20 µM DNQX. mIPSCs were 
recorded in the presence of 50 µM dl-AP5, 20 µM DNQX and 1 µM TTX. The 
holding potential for both action potential and IPSCs recordings was −70 mV. 
During recording, access resistance was compensated by up to 70%. Neurons 
with series resistance below 20 MΩ and changing <20% throughout the record-
ing were used for analysis. Bridge balance and whole-cell compensation were 
carefully adjusted. Recordings were Bessel-filtered at 10 kHz and sampled at 100 
kHz for action potentials and filtered at 3 kHz and sampled at 10 kHz for IPSCs 
and potassium current recordings.

Immunocytochemistry. Immunofluorescence staining was carried out as 
described previously14. Briefly, mice were perfused transcardially with 4% 
paraformaldehyde (4 g per 100 ml) and 4% sucrose (4 g per 100 ml) in PBS, 
pH 7.4. Brain tissues were then postfixed at 4 °C for 24 h, and coronal slices  
(40 µm) were prepared using a Vibroslice (VT 1000S). Brain sections were 
treated with 3% (vol/vol) normal goat serum in PBS containing 0.5% Triton  
X-100 for 1 h. Then the brain sections were incubated with ErbB4 antibody 0618 
(1:400) and mouse monoclonal anti-parvalbumin (1:1,000) at 4 °C for 36–48 h. 
Immunoreactivity was imaged with Alexa 488– and Alexa 594–conjugated goat 
anti–mouse IgG (1:400).

Immunoprecipitation and immunoblotting. Brain slices were incubated with 
NRG1 (10 nM) for 5, 10 or 20 min, and membrane fractionation from brain slices 
was performed as described previously50. Immunoprecipitation of Kv1.1 was 
carried out using membrane extracts of mouse brain. Briefly, extracts containing  
60 µg protein were incubated overnight at 4 °C with 10 µl of monoclonal anti-
body to Kv1.1, which was captured by adding Protein A–Sepharose CL-4B beads 
(Upstate Biotechnology) suspension (50%, vol/vol). Immunoprecipitated com-
plexes were collected by centrifugation, then washed three times with buffer 
containing 50 mM Tris-HCl, pH 7.5, 0.5 mM NaCl, 4 mM EDTA, 4 mM EGTA, 
1 mM Na3VO4, 50 mM NaF, 1 mM dithiothreitol, 1 mM PMSF, 2 µg ml−1 pep-
statin A, 1 µg ml−1 leupeptin and 100 nmol l−1 calyculin A. After the final wash, 
we aspirated the supernatant and resuspended the pellet in electrophoresis 
sample buffer. Bound proteins were loaded on 10% acrylamide SDS-PAGE gels. 
Membranes with proteins were immunoblotted using antibodies to phosphoty-
rosine (monoclonal antibody, 1:1,000), phosphoserine (monoclonal antibody, 
1:1,000), caveolin-1 (polyclonal antibody, 1:1,000), ErbB4 (polyclonal antibody, 
1:500), ErbB2 (polyclonal antibody, 1:500) and β-actin (monoclonal antibody, 
1:2,000). Signals were detected with enhanced chemiluminescence and developed 
on X-ray film. For densitometric quantification, immunoblots were digitized 
on a flatbed scanner and digital images were measured using the US National 
Institutes of Health Image program.

Behavioral assays. For seizure induction with PTZ or pilocarpine, to assess the 
effects of ERB4 on seizure severity, PTZ was dissolved in PBS and injected intra-
peritoneally at the indicated dose. After injection, the mouse was placed in a 
transparent Plexiglas cage and observed for up to 30 min. All the experiments 
were performed in the laboratory between 12:00 and 14:00. The seizure behav-
ior was observed for 30 min using the following scale: (0) no response; (1) ear 
and facial twitching; (2) myoclonic body jerks; (3) clonic forelimb convulsions; 
(4) generalized clonic convulsions and turning onto the side; (5) generalized 
clonic-tonic convulsions and loss of postural control; (6) several episodes of stage  
5 seizures or death within 30 min. We also scored the incidence of generalized 
seizures, which were identified by stage 4 and 5 seizures. We chose different 
PTZ doses to test specific hypotheses and decrease the overall number of mice 
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required. For example, to test the hypothesis that the Pvalb-cre;Erbb4−/− mice 
have more severe seizures than controls, we used a PTZ dose (40 mg kg−1) that 
evokes generalized seizures in a small percentage of the control mice. And to 
efficiently test the anticonvulsant effects of NRG1, we used a PTZ dose (60 mg 
kg−1) that evoked a severe seizure score in the ACSF control group. To score 
the effects of ErbB4 on seizure severity in response to pilocarpine, we investi-
gated the incidence of status epilepticus. As with PTZ, pilocarpine was given at  
200 mg kg−1 for comparing the percentage of mice that developed status epilep-
ticus in Erbb4loxP/loxP and Pvalb-cre;Erbb4−/− mice and at 250 mg kg−1 for testing 
the effect of NRG1 treatment. A trained observer, who was unaware of genotype, 
scored seizure severity.

For NRG1 administration, mice were mounted under isoflurane anesthe-
sia (2%) in a stereotaxic apparatus (512600, Stoelting) and NRG1 (6 mmol in  
3 µl) was injected into the right lateral ventricle (anteroposterior, −0.5 mm 
from bregma; lateral, −1 mm; ventral, −2.2 mm) over the course of 5 min. After  
15 min recovery, mice were given PTZ or pilocarpine intraperitoneally once and 
behavior was scored as above.

Human material. We used cortical tissue from the temporal lobes of five people 
with intractable epilepsy or brain trauma conforming to the following criteria: 
(i) typical epilepsy symptoms and electroencephalographic features, seizures per-
sisting despite more than 2 years of medical therapy with three or more kinds of 
antiepileptic first-line drugs with effective blood drug concentrations; (ii) seizure 
syndromes fitting the 1981 International Anti-epilepsy Federation classification; 
(iii) no progressive foci found after computed tomography and magnetic reso-
nance imaging examination; (iv) no other nervous system disease other than epi-
lepsy and no potential inducing causes; and (v) localization-related epileptiform 
discharges in preoperative evaluation and operative indications. Control group 
criteria: (i) no history of central nervous system disease; and (ii) no structural 

and functional injury that can induce epilepsy other than trauma. There was no 
statistical difference in age between the groups. Written informed consent was 
obtained from both epilepsy and control subjects and signed by subjects and 
legal guardians. The research was approved by the Medical Ethical Committee 
of Zhejiang University School of Medicine (No. 1-009).

Brain stereotactic identification was carried out by comprehensive analysis of 
clinical manifestations, sphenoidal electrode recording, video electroencephalo-
gram monitoring and magnetic resonance imaging. Epileptic focus location and 
operation was monitored by an intraoperative neocortical electrode. Abnormal 
waves disappeared or were markedly reduced in the immediate electrocorticog-
raphy examination after resection of foci and abnormal discharge tissue near the 
foci. The resected brain tissues were obtained for study.

Human tissue preparation and western blot analysis. One gram of temporal cor-
tical tissue was dissected from fresh frozen brain sections maintained at −80 °C. We 
isolated the membrane fraction as described above. Membranes were immunoblot-
ted using antibodies to ErbB4, ErbB2 and caveolin-1. Signals were detected with 
enhanced chemiluminescence and developed on X-ray film. For densitometric 
quantification, immunoblots were digitized on a flatbed scanner and the images 
were quantified using the US National Institutes of Health Image program.

Statistical analysis. Data are presented as mean ± s.e.m. (n = number of individ-
ual samples). For comparison of means from the same group of cells, a two-tailed 
Student’s t-test was used. For two-group comparisons, statistical differences were 
calculated by two-tailed Student’s t-test or by Pearson’s chi-squared test.

50. Ostrom, R.S. et al. Receptor number and caveolar co-localization determine receptor 
coupling efficiency to adenylyl cyclase. J. Biol. Chem. 276, 42063–42069 
(2001).
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